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A B S T R A C T
This thesis presents investigations related to interactions of chelating ligands 
(macrocyclic and acyclic) with neutral and ionic species in solution. Following a brief 
introduction on coordination chemistry, each topic is presented separately in three 
chapters.
In Chapter I, thermodynamic studies on drug (3-cyclodextrin interactions in water and in 
chloroform at 298.15 K are discussed in relation to the effect of the macrocycle on the 
transfer of N^substituted sulphonamides from water to chloroform. It is concluded 
that the transfer of the drug in this solvent system is thermodynamically more favoured 
in the absence than in the presence of cyclodextrin.
Chapter II concerns thermodynamic aspects on calixarenes and their ester derivatives. 
As far as calixarenes are concerned, thermodynamic parameters of complexation of tert- 
butylamine and p-/£/7-butylcalix[4jarene in benzonitrile suggest that two processes are 
involved; the formation of the adduct followed by that of an endo-calix complex.
The interaction of alkyl-p-fer/-butylcalix[4]arene tetraethanoates with alkali-metal 
cations in acetonitrile and in benzonitrile at 298.15 K was studied by titration 
calorimetry. The limitation of this technique to derive stability constant data for highly 
stable complexes led to the development of a double competitive potentiometric 
method. Thermodynamic data are discussed in terms of the solvation of host, guest and 
resulting complex in these solvents.
Chapter III discusses synthesis, characterisation and acid-base properties of 
ethylenedinitrilo-N,N1-diacetic-N,N,bis(l-phenylethylacetamido)acid (edtam ba) and 
ethylenedinitrilo-N,N1-diacetic-N,N’bis(pyridylacetamidoacetamioe)acid (edtapa) 
This is followed by the thermodynamics of complexation of these ligands with metal 
cations ( Pb(II), Cd(II), Cu(II), Ni(II), Zn(II) and Co(II) in water at 298.15 K. These 
results show that unlike EDTA, edtamba and edtapa do not interact selectively with 
these cations as a result of a remarkable enthalpy-entropy compensation effect. 
Computer programs written during the course of these investigations are appended.
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I N T R O D U C T I O N
Introduction
Since this thesis concerns interactions between cyclic (macrocycles) and acyclic 
compounds (derivatives of ethylene diamine tetraacetic acid, EDTA) with different 
species (ionic and neutral), a brief introduction on coordination chemistry is first given.
1 C O O R D I N A T I O N  C H E M I S T R Y
Since the identification of coordination compounds in the nineteenth century many efforts 
have been devoted to explain the unusual behaviour of these chemical substances which 
gave origin to the term “complex”. These substantially stable and stoichiometrically 
reliable materials are combinations of other chemical compounds that are independently 
stable1.
In its first 100 years most of the research on coordination chemistry focused on the 
concept of a central atom bound to a Lewis base as the ligand. The study of coordination 
compounds began with the Swiss chemist Alfred Werner although the contribution of 
Jorgensen particularly on the experimental side cannot be underminded Werner 
formulated his ideas about the structures of coordination compounds on the basis of 
experimental data. Thus, four ammonia complexes of cobalt (III) chloride were 
discovered and named according to their colours: C0CI3.6NH3 (yellow), C0CI3.5NH3 
(purple), C0CI3.4NH3 (green) and C0CI3.4NH3 (violet). The different reactivities of the 
chloride ions in these compounds were noted. Thus, the addition of silver nitrate to 
these species led to the formation of different amounts of silver chloride obtained as a 
precipitate 1 as shown by eqns 1-3
C0CI3.6NH3 + excess Ag+ -> 3 AgCl I  + C0 .6 NH3 ( 1 )
C0CI3.5NH3 + excess Ag+ -» 2 AgCl I  + Co.C1.5NH3 ( 2 )
CoCI3.4NH3 + excess Ag+ -> 1 AgCl I  + Co.Cl2.4NH3 (3  )
[ for either green or violet salts]
The correlation between the number of ammonia molecules present and the number of 
moles of silver chloride precipitated led Werner to the conclusion that in his series of
2
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compounds, cobalt exhibits a constant coordination number of 6 and that ammonia 
molecules are replaced by chloride ions covalently bound to cobalt rather as free chloride 
ions. Another important contribution made by Werner to the field of coordination 
chemistry is to assign correctly the geometric structures of many coordination 
compounds long before any direct experimental method was available for structure 
determination. Theoretical attempts aiming to interpret the binding in coordination 
compounds as well as to rationalise and predict their properties are those known as the 
Valence Bond, Crystal Field, Ligand Field and Molecular Orbital theories, which have 
been described in detail in many inorganic books1. There are two classes of coordination 
compounds which have received much attention, one of them involving metal-carbon 
bonds (organometallic chemistry) and the other centered on living systems (bioinorganic 
chemistry).
However, the boundaries of coordination chemistry have expanded notably by the 
discovery of the crown ethers by Pedersen in 1967 followed by the work of Lehn and 
Cram, winners of the 1987 Nobel Prize in chemistry2. Representative macrocycles are 
given in Fig. 1. These discoveries overcame the limitations of coordination chemistry to 
transition metal ions by extending them to all types of substrates.
S ~ \
TOJ N ,0 .N\-
0  0-
0 0
U J
(a) (b) ( 0
Fig. 1. Structures of representative macrocycles (a) dibenzo 18crown 6, (b) cryptand 
221 (c) spherand.
The area of Supramolecular Chemistry3 is based on i) the development of the chemistry 
of crown ethers and cryptands, and ii) the progress made in studying the self-
3
Introduction
organisation of molecules (e.g. membranes and micelles), organic semiconductors and 
conductors. Strictly speaking, Supramolecular Chemistry results from the interactions 
between at least two, if not several, molecular or ionic species in solution4 . In contrast 
to molecular chemistry, which is predominantly based on the covalent bonding of atoms, 
Supramolecular Chemistry is based on intermolecular interactions, such as the association 
of two or more building blocks, held together by intermolecular bonds (electrostatic 
forces, hydrogen bonding, van der Waals forces, etc.). The formation of a supramolecule5 
in contrast to a molecule is schematically shown in Fig. 2.
Molecular
Chemistry
C Covalent bonds
olecule
A,B,C,D,E = Starting material^
Receptor (Host)
Intermolecular bonds
Supramolecular
Chemistry
i t ,
Supramolecule
Substrate ( Guest)
Fig. 2. Schematic representation for the formation of a supramolecule.
In Cram’s host/guest chemistry6 8,a molecular compound is composed of at least one 
host and one guest where the host is an organic molecule or ion whose binding sites 
converge. For complexation to take place, host and guest must possess a complementary 
stereoelectronic arrangement of binding sites and steric barriers. In general, guests are 
abundant, whereas hosts must be designed and synthesised. Host and guest are held 
together in unique structural relationships by electrostatic forces (pole-pole, pole-dipole, 
or dipole-dipole variety) other than those of full covalent bonds. More specifically, host-
4
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guest interactions take place through hydrogen bonding, ion-pair formation, k -acid to 71- 
base attraction, metal-ligand associations, van der Waals attractive forces, surrounding 
solvent restructuring, or by partially made and broken covalent bonds (transition states)7.
Cram’s host/guest complexation is a generalisation from macrocyclic coordination 
chemistry that includes all manners of intermolecular interactions and interacting pairs, 
and a variety of host shapes. Lehn’s supramolecular chemistry is more broadly concerned 
with intermolecular interactions2
Some of the properties of chelating ligands in general are now described.
2 .  C h e l a t i n g  l i g a n d s
The traditional coordination entity has each of the following attributes: a central metal 
atom, a number of ligands and a polyhedral structure. In this context, ligands can be 
classified according to the number of points of attachment to the metal ion in i) 
monodentate and ii) polydentate ligands. The former ligands have only one point of 
attachment while the latter have more than one point of attachment to the metal ion. 
Polydentate ligands are often chelating agents in that they can form a ring that includes 
the metal ion. The resulting complex is called a chelate9. Polydentate ligands can be 
classified as in acyclic and macrocyclic ligands and these are discussed as follows.
2.1 Acyclic ligands
Acyclic ligands can form one or several rings with a single metal cation. Fig. 3 includes 
some of the most common acyclic ligands.
In a chelate, two functional groups linked together, for example, two primary amine 
donors, separated by an ethylene spacer , lead to remarkably enhanced binding constants. 
This extra stability is often referred to as the “chelate effect”. The thermodynamic chelate 
effect for a w-dentate chelating ligand refers to the reaction where the chelating ligand 
replaces n unidentate analogues (eq. 4 )
5
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M (unidentate)n + chelate <-» M(chelate) + n . unidentate ( 4 )
B/M ISB?
ethylenediamine 
O O
X-o a
oxalate
•S S'\  /c=c/  \
NC CN
maleonitrilethiolate
N N
2,2 ’ -bipyridyl
/  \  /  \  
hysl N
H
diethylenetriamine
a
JC a
-o x
malonate
S
II
H2N— C—NH— NH2
thiosemicarbazide
8-hydroxy quinoline
-OOC-H.C ^  /CH2-CXX> ^
JVJ M  I 1 /  A
■00c—h2c CH2~COa OOC— CH2-coa
ethylenediaminetetraacetate trimethylenedinitrilotetra- 
EDTA acetate
TMDTA
l\H2— CH2—COQ
glycinate
HC CH2 \  ^X
.CH,
C"
I IIQ O
acetylacetonate
c o a
I
ch2
■00c—H^ C ^CH2COQ
nitrilotriacetate
1,3,5 -triaminocyclohexane
-OOC—  H^C CHg-COO
N
OOC— H p
NI
ch2I 2 
COO
N
CH2-coa
diethylenetriaminepenta-
acetate
DTPA
Fig. 3. Structure of some acyclic ligands.
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Schwarzenbach 10 in 1952 addressed the structural aspects of the chelate effect in terms 
of the average proximity of an unattached donor atom after the first one had become 
bound to the metal atom. Considering the differences in the dissociation of 
ethylenediamine with respect to ammonia complexes1 in water, it is expected that if a 
molecule of ammonia dissociates from the complex, it will be quickly swept off into the 
solution and the probability of returning to its former site is likely to be remote. On the 
other hand, if one of the amino groups of ethylenediamine dissociates from the complex 
this is likely to be retained by the other end still attached to the metal-ion. The nitrogen 
atom can move only few hundred picometers away and can swing back and attach itself 
to the metal-ion again. The complex has a smaller probability of dissociating. Therefore, 
the chelate effect was considered to be predominantly an entropy effect. According to 
Schwarzenbach model, the decrease in complex stability that occurs on increasing the 
chelate ring size from five to six is due to an entropic effect.
However, Hancock11 examined thermodynamic parameters of complexation of several 
ligands which form five and six membered rings and showed that the decrease in complex 
stability that occurs on increasing the chelate ring size is an enthalpic effect. Thus, the 
decrease of stability ( log Ks) of metal cations with 1,3 propylenediamine (tn) (six- 
membered rings) with respect to ethylenediamine (en) in water (Table 1) is due to the 
lower enthalpy of complexation of tn-metal ion complexes.
This experimental evidence led Hancock 11 to suggest that the chelate effect is 
predominantly enthalpic. It has been suggested that this enthalpic contribution results 
from i) the electrostatic repulsion between the donor atoms of unidentate ligands whose 
unfavourable contribution to complex formation is removed once the chelate is formed, 
particularly, when charged donor atoms are involved, ii) the inductive effect of the ligand 
which results in an increase in the ligand field (LF).
7
Introduction
Table 1. Thermodynamics of complexation of ethylenediamine (en) and 1,3 
propylenediamine (tn) with some metal cations in water at 298.15 K a.
Metal-
ion
complex b
/
BJM
en
\
l\B> t ^ i
tn
]
NH2
log Ks ACH °
kJ.mof
ACS°
J.mol'K'1
log Ks ACH °
kJ.mol"1
ACS°
J.mol'K'1
Cu(II) ML 10.48 -52.7 25 9.68 -47.7 25
Cu(II) ML2 19.57 -105.4 21 16.79 -93.7 8
Ni(II) ML 7.33 -36.7 13 6.30 -32.6 13
Ni(II) ML2 13.41 -76.6 0 10.48 -62.8 -8
Cd(II) ML 5.42 -25.10 21 4.47 -20.9 17
Cd(II) ML2 9.60 -55.6 -4 7.18 -41.8 -4
a Ref 11 , b ML and ML2 refer to equilibria M+L<-» ML and M+2L<-> ML2; respectively
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Table 2. Enthalpy of complexation of Cu(II) and amines at 298.15 K in water and u 
(wavenumber) as a function of number of chelate rings.
cg2+
HsN" Nrf
r -NH2 HJ\I.n
NH2 H/ff"
en
hJ  L h
C + 2+ J
2,3,2-tet
h/  1/H 
;w 2+ |
HT [ | "H 
14-aneN4
Nitrogen all zeroth all primary 2 primary 
2 secondary
all secondary
u(d-d)(cm_1) 17,000 18,300 19,000 19,900
AcH°(kJ.mor1) -92.0 -106.7 -115.9 -135.6
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Thus, the variation in the enthalpy of complexation of Cu(II) with amines shown in Table 
2 is due to the increase in basicity of the amines. NH3 complexes are zero order 
nitrogens while in ethylenediamine there are primary nitrogens which by the inductive 
effect of the ethylene bridge are stronger bases than ammonia. The secondary nitrogens 
in 2,3,2-tet (1,4,8,11-tetraazaundecane and 14-aneN4 (1,4,8,11-
tetraazacyclotetradecane) are even more basic due to the presence of an additional 
ethylene bridge. The enthalpy contribution is reflected in an increase on the ligand field 
strength of Cu(II) complexes as the number of chelate rings increases.
Among the acyclic ligands, EDTA is by far the most widely used in analytical chemistry. 
By direct titration or through an indirect sequence of reactions, virtually every element of 
the periodic table can be analysed with EDTA. EDTA and its derivatives have found 
applications in biology such as chelation therapy and anticancer drugs and these will be 
discussed in detail in chapter 3.
2.2 Macrocyclic ligands
Macrocyclic ligands are polydentate ligands containing donor atoms either incorporated 
in or, less commonly, attached to a cyclic backbone12. Macrocyclic ligands contain at 
least three donor atoms and the ring should consist of a minimum of nine atoms.
Due to the large variety of macrocycles available it is not an easy task to proceed with a 
strict classification. For this reason, following the suggestion given by Cox and 
Schneider13, these are classified under two main headings.
i) Naturally occurring macrocycles
ii) Synthetic macrocyclic ligands
2.2.1. Naturally occurring macrocycles
2.2.1.1. Antibiotics and related systems
10
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The members of this group are compounds of moderate molecular weight ( 500-1000 
g.mol'1), with macrocyclic rings typically comprising about 30 atoms. Compounds such as 
valinomycin and enniatin B are cyclic compounds composed of alternating a-amino acids 
and a-hydroxy acids. On the other hand monactin and other macrotetrolides are ring 
systems with four ether and four ester groups incorporated in their structure (Fig. 4)
HX ,CHj HX CH3
r  CH H CHi i ch3 h1 CH ~i1—O— CH— C--IM— CH--c~-ch— c— bi­-CH—c—I I ll IO 0 0 0 3
(a)
B£x /CHj />% 
CH CH3CH
O—CH—C—N—CH—C-
II I
O 0
(b)
,° CH,
C1W  O J o
- T Y  X
C
CH*
( c )
'CHj
Fig. 4. Structures of (a) valinomycin ( b) enniatin B and (c) monactin.
2.2.1.2. Natural corrin, porphyrin and related systems.
As a class, metal-ion derivatives of tetrapyrrole macrocyclic rings, such as the corrins or 
porphyrins are of major biological importance12 (Fig. 5). On coordination, the porphyrin 
macrocycle loses . two protons to yield a neutral complex when the metal ion is divalent. 
The porphyrin complexes are extremely stable and particular derivatives play a central 
role in photosynthesis (chlorophyll) , dioxygen transport (haemoglobin) and storage 
(myoglobin) as well as in other fundamental processes such as electron transfer 
(cytochromes).
In comparison to porphyrins, the corrin nucleus contains one less atom in its innermost 
ring and on coordination only one NH proton is lost to give a macrocycle with a single 
negative charge. A cobalt corrin complex occurs as part of the structure of vitamin B i2.
11
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2.2.1.3 Cyclodextrins
Cyclodextrins are macrocyclic ligands constituted by glucose units. The most commonly 
used cyclodextrins are a-, p- and y- cyclodextrins, constituted by six, seven and eight 
units of glucose; respectively. The structure of P-cyclodextrin is shown in Fig. 6.
Fig. 6. Structure of p-cyclodextrin.
These ligands are characterised by a hydrophobic cavity and they are able to form 
inclusion complexes with a large variety of guests.
12
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2.2.2 Synthetic macrocyclic ligands
There is a large variety of synthetic macrocyclic ligands. Some of them will be discussed 
briefly.
2.2.2.7 Coronands and related compounds
Coronands are characterised by the presence of hole able to host metal cations. These 
have the general structure shown in Fig. 7.
Fig. 7. General structure of coronands.
The donor atoms in the coronands can be oxygen (crown ethers), sulphur
present in the same ring have been synthesised. Heteroatomatic moieties may serve as 
donor atoms , fiirane, pyridino and thiopheno crowns are examples of this type. Finally, 
functional groups such as esters, amides and ketones can be incorporated into crown 
rings to serve as donor sites4. In Fig. 8 some representative examples of coronands are 
given.
Coronands
D= donor atom
(thiacoronands) or nitrogen (azacoronands). Crowns containing phosphorus14 and 
arsenic15 atoms as donors have been reported. Systems in which mixed donor atoms are
13
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cr
o o.
0  O'
k / O
18-crow n-6
: o
dibenzopyridino-18-crow n-6
o
dicyclohexane-18-crown-6 
Fig. 8. Structures of some coronand compounds
H
N'
O
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12-crow n-4
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\  /
tetraaza 12 crow n-4
Cryptands are bicyclic molecules in which the three valence sites of the nitrogens are 
utilised in the construction of a cage-like structure (Fig. 9).
D= donor atom
Fig. 9. General structure of cryptands.
They contain a three-dimensional cavity lined with oxygen and nitrogen binding sites and 
therefore, these are able to form inclusion complexes with cations (cryptates). As a result 
small inorganic cations are converted into large spherical cations. Cryptands with various 
combinations of donor atoms (O, N, S) in the bridge have been prepared. Some 
representative examples are included in Fig. 10
14
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cryptand 221 cryptand 211 cryptand dithio 222
Fig. 10. Structure of some cryptands
2.2.2.2. Calixarenes
Calixarenes are cyclic oligomers obtained from the condensation of formaldehyde with p- 
substituted phenol under alkaline conditions . A fascinating aspect in calixarene 
chemistry is the synthesis of derivatives obtained by functionalization of a) the phenolic 
hydrogens at the lower rim and b) by electrophilic substitution at the upper rim 
following the removal of the tert-butyl group. ( Fig. 11 ). An account of the properties of 
these compounds is given in Chapter 2.
Fig. 11. Structures of ( a ) /?-fe?7-butylcalix[4]arene ( b ) lower rim substituted p-tert- 
butylcalix[4]arene ( c ) calix[4]arene substituted at the upper rim. R represents 
any functional group
2.2.2.3. Miscellaneous
In addition to the macrocyclic ligands described above, there are two groups of 
compounds which have interesting complexing properties. These are the spherands and
15
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the sepulchrate (Fig. 12). The oxygens in the spherands define an octahedral cavity 
which is strongly selective for Li+. On other hand, sepulchrates are known to encapsulate 
transition metal cations such as Co(III). producing very strong and kinetically inert 
complexes.
( a )
M
) L
MN hm'FH
( b )
Fig. 12 Structures of a) spherand and b) sepulchrate.
16
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M A I N  A I M  O F  T H I S  W O R K .
The main aim of this thesis is to explore the field of coordination chemistry involving 
acyclic and macrocyclic ligands and their interactions either with ionic or neutral species. 
For these purposes, representative ligands were selected to investigate processes of 
theoretical and practical interest. Therefore, this thesis is divided into three chapters. 
These are:
1. The effect of P-cyclodextrin on the transfer of N^substituted sulfonamides from water 
to chloroform.
2. Calixarene-Amine and Calixarene Ester-Cation Interactions.
3. EDTA amide derivatives and their interaction with metal cations.
The research strategy adopted in this thesis is summarised in Scheme 1.
An outline of the objectives of each research topic is given in the corresponding chapter.
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Chapter 1.- Cyclodextrin sulphomamide
C H A P T E R  I
E f f e c t  o f  p - C y c l o d e x t r i n  o n  t h e  T r a n s f e r  o f  N 1-  
S u b s t i t u t e d  S u l f o n a m i d e s  f r o m  W a t e r  t o  C h l o r o f o r m .
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1 .1 . I n t r o d u c t i o n .
Cyclodextrins, also known as Schardinger dextrins, cycloamyloses, cycloglucoamyloses, 
comprise a family of cyclic oligosaccharides obtained by the enzymatic degradation of 
starch1. In the preparation process, the starch is treated with a group of enzymes known 
as cyclodextrin glucosyl transferases ( CGTases) which are not very specific as far as the 
site of hydrolysis is concerned. Therefore, the product contains a-, p- and y- 
cyclodextrins together with small amounts of higher analogues consisting of up to 
thirteen glucose units. The most commonly used cyclodextrins are a-, P- and y- 
cylodextrins (Fig. 1.1) consisting of six, seven and eight units of glucose; respectively. 
These are isolated by precipitation using selective agents2,3.
Fig. 1.1. Structures of a-, P- and y cyclodextrins.
21
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The structures of cyclodextrin molecules resemble a hollow truncated cone (torus) with 
primary hydroxyl groups located on the narrower side and secondary hydroxyl groups on 
the broader side of the torus as shown below,
Secondary 
hydroxyls
Primary 
hydroxyls
Fig. 1.2. Schematic representation of the shape of cyclodextrin molecules
Cyclodextrins are characterised by the presence of cavities which are lined by hydrogen 
atoms and glycosidic oxygen bridges, with the non-bonding electron pairs directed 
towards the inside of these cavities, producing regions of high electron density. As a 
result of the arrangement of the functional groups in cyclodextrins , their cavities are 
relatively hydrophobic while their exterior are hydrophilic. In cyclodextrins, 
intramolecular rings of hydrogen bonds are formed between the hydroxyl groups (2 and 
3) of adjacent glucose units which make the structure of these macrocycles rather rigid. 
The unusual conformational stiffness of P-cyclodextrin in solution with respect to the 
more flexible a-cyclodextrin has been explained by a flip-flop mechanism in which all 
seven intramolecular hydrogen bonds appear to participate 4’5.
Cyclodextrins, are able to interact with a variety of guests forming two types of 
complexes6:
i) Inclusion.- This terminology is used for cases in which the cyclodextrins cavity hosts 
the guests (Fig. 1.3; a -f)
ii) Exclusion,- which is referred to host-guest interactions taking place outside the cavity 
of the macrocycle. (Fig. 1.3; g)
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(a)
( d > (e) (f) (g)
Fig. 1.3. Topology of cyclodextrin complexes (a) complete, (b) axial, (c) partial, (d) 
sandwich type complex, (e) 1:1 and (f) 2:2 adducts, (g) lid-like complex6.
Among these two types of adducts, inclusion complexes have found many applications. 
Indeed, the capacity of cyclodextrins to encapsulate in their cavity a wide variety of 
molecules led to the formation of chemical entities with new physico-chemical 
characteristics7 which have been the subject of research in several fields. Thus, in 
cosmetology, cyclodextrins have been used to trap volatile substances with unpleasant 
odours. Therefore, these can be used as deodorants8 or breath fresheners9. In the food 
industry, cyclodextrins are used for the removal of caffeine from tea. For this purpose, 
cross-linked polymers of cyclodextrins seem to be more effective7. Another application 
related to the use of cyclodextrins in foods is that concerning the ripening process of 
fruits. It is common practice in this process to use ethylene. The interaction of ethylene 
with cyclodextrins with the formation of the corresponding adduct offers advantages 
since the use of the latter reduces the release of the guest and decreases the toxicity of the 
process. Physical transformation of liquids (essential oils, perfumes, etc.) into solids can 
be achieved by complexation with cyclodextrins. Thus, microcrystalline powders are 
obtained7 . These are non-hygroscopic and almost odourless compounds which are stable
23
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in the dry form and unable to oxidise. A fascinating aspect of the applications of 
cyclodextrins is that related with their interactions with drugs, where an increase in 
solubility is frequently desired particularly for parenteral administration of drugs. 
Hydroxy derivatives of cyclodextrins can be of great value for parenteral use if the doses 
administered are large since these derivatives are less nephrotoxic and haemolytic than the 
original cyclodextrins10. The solubilisation of insulin, steroid hormones as well as 
antiviral drugs for nasal applications by cyclodextrins has been the subject of considerable 
amount of research6. Another interesting application of these macrocycles in the 
pharmaceutical field is that related to the solubility decrease observed in aqueous 
solution by the addition of cyclodextrins to active ingredients such as diltiazem or 
isosorbide dinitrate which prolong in vivo the release of short half-life drugs.
Since part of this thesis is related to the effect of cyclodextrins on the transfer of 
sulfonamides from water to a membrane-like solvent such as chloroform, in the following 
section, previous work concerning the interactions of cyclodextrins with drugs is 
described.
1.1.1. Cyclodextrin- Drug interactions.
Usually the main objective of the pharmaceutical use of cyclodextrins is an increase in the 
bioavailability of an active ingredient. This effect was observed with numerous drugs 
such as digoxin11, spironolactone 12, diazepam 13, ibuprofen14, flufenamic acid 14, 
indomethacin15.
Tukker at al16 investigated i) the inclusion of sodium dantrolene (a compound 
characterised by poor water solubility) by cyclodextrins (a, [3, y) and ii) the influence of 
these macrocycles on the absorption of the drug from aqueous solutions to a chronically 
isolated internal loop in the small intestine of rats. Perfusion experiments were performed 
with a solution of the drug to which cyclodextrins was added, therefore, the effect of the 
cyclodextrin on the dissolution rate of the drug was eliminated. A good correlation was 
found between the inclusion of dantrolene in the various cyclodextrins and the decrease in 
the absorption rate resulting from a reduction of active dantrolene. It was concluded that
24
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cyclodextrins do not have a significant influence on the passage of drantrolene across the 
absorption barrier. Experimental evidence was collected that P-cyclodextrin was 
absorbed to a limited (if not negligible) extent in the small intestine of rats.
These investigations stimulated the idea that thermodynamics should be explored to 
assess the effect of cyclodextrins on the transfer of drugs from water to membrane-like 
solvents.
Since literature search showed that some background information was available on 
sulfonamides, these drugs were selected to study the effect of p-cyclodextrin on their 
transfer from water to chloroform. Sulfonamides are antibiotics that act through 
inhibition of the folate pathway in bacteria. A number of sulfonamide derivatives has 
been synthesised and tested in humans, but only a few are in clinical use. Some of the 
structures of sulfonamides are shown in Fig. 1.4. Sulfonamides are bacteriostatic agents, 
they are competitive inhibitors of /?-aminobenzoic acid’s incorporation through a high 
affinity for dydropteroate synthetase17. Antibacterially active sulphonamides have two 
ionisable groups, the N4-primary amino and the sulfonamido groups. In general, 
modification of the primary amino group by substitution diminishes antibacterial activity. 
The sulfonamide ion ([-S02N-R]') is the active antibacterial moiety, therefore, the range 
of activity of antibacterial sulfonamides is attributed to the differences in ionisation of the 
sulphonamido group. The pKa values of ^ -substituted sulfonamides in water at 298.15 
K are listed in Table 1.1.
Background information relevant to cyclodextrin-sulfonamide studies includes:
i) Solubility data for sulfonamides including N^substituted sulfonamides compiled by 
Paruta and Piekos18, only regarded as “tentative” data.
ii) Partition coefficients of sulfonamides in the water-chloroform (mutually saturated) 
solvent system and stability constants of P-cyclodextrin and sulfonamides in water at
298.15 K were studied by Uekama and co-workers19. UV spectroscopic and solubility 
measurements were used to calculate the stoichiometry and stability constants of
25
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complex formation between (3-cyclodextrin and various sulfonamides . In all cases, 1:1 
cyclodextrin-sulfonamide complexes are formed. Stability constants reported by these 
authors for (3-cyclodextrin and sulfonamides in water at 298.15 K are reported in Table
1.1. Also in this table are included the partition coefficients for the various drugs in the 
water-chloroform system. The variation of stability constant data in water with 
temperature was used to calculate the enthalpy associated with drug- p-cyclodextrin 
interactions (Table 1.1).
The accuracy of thermodynamic data reported was ± 5%. Based on circular dichroism 
and UV studies these authors suggested that,
i) only one ring of the guest molecule was included within the cavity of the cyclodextrin.
ii) the nature of the substituents and the resultant geometry of the guest was likely to 
control the selection of the ring to be hosted by the cavity.
It is well established that enthalpy values derived from the temperature dependence of 
stability constants are likely to be subjected to large errors. However, an attractive 
feature of the results shown in Table 1.1 is that stability constant values are well within 
the scope of calorimetry.
26
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HoN- S 0 2 - N H — R
R=
Fig. 1.4. Structures of N1-substituted sulphonamides.
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Chapter J.- Cyclodextrin suiphomamide
1 .2 .  A i m s  o f  t h i s  w o r k
In biological systems aqueous regions of different compositions are separated by 
membranes which provide a permeability barrier between internal and external cell 
compartments. It is well established that the composition of membranes generally contain 
40% of their dry weight as lipids, 60% as proteins and about 20% of their total weight as 
water, tightly bound water is essential to maintain the membrane structure 20. The basic 
structural matrix is formed by phospholipid molecules in a bilayer arrangement. The 
proteins take the form of globules randomly distributed in a mosaic pattern . Some of the 
globules are attached to the surface of the membrane, while others penetrate into it to 
varying extents. The membrane is essentially a fluid where considerable sideways 
movement of lipid and protein molecules occurs. This model of membrane is known as 
the fluid-mosaic model21. The interior of the membrane is hydrophobic. The movement 
of a substance in and out of the cells take place through four main processes: i) diffusion
ii) active transport iii) osmosis and iv) endocytosis or exocytosis. Non-polar substances 
usually cross the membrane by diffusion, they pass between the lipid molecules as shown 
in Fig. 1.5.
Lipid
bilayer
Fig. 1.5. Simple diffusion of non-polar substances through the membrane.
r
As the membrane is a hydrophobic medium of low permittivity, organic solvents are often 
used as model compounds of the biological membrane. The solvents commonly used are 
chloroform, octan-l-ol, and isooctane. Chloroform was the solvent selected to carry out 
these investigations.
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The main aim of this work is to assess the effect of P-Cyclodextrin on the transfer of 
sulfonamides from water to chloroform. For this purpose, a thermodynamic approach is 
for the first time considered. The relevant processes for this study are
1. Transfer of sulfonamide (S) from water (H20) to chloroform (CI3CH),
S (h2o) - >  S (CljCH) ( 1- 1 )
2. Transfer of P-cyclodextrin from water to chloroform,
P - C D (h 2o) -» P-CD(cl3CH) ( 1.2 )
3. Transfer of the sulfonamide-P-cyclodextrin complex (S-P-CD) from water to 
chloroform,
S-P-CD(H2o) -> S-P-CD(Cl3CH) (1 .3 )
4. Complexation of the sulfonamide and p-cyclodextrin (P-CD) in water,
S (h2o) +  P ~ C D ( h 2o) —» S - P - C D ( h 2o) 0 -4 )
5. Complexation of sulfonamide and P-cyclodextrin in chloroform,
S(ci3ch) + P-CD(C|3ch) —> S-P-CD(Cl3CH) ( 1.5)
Transfer parameters (eqs. 1.1-1.3) experiments will be calculated from solubility 
measurements of sulfonamides, P-cyclodextrin and the complex at 298.15 K in the 
appropriate solvent. Thermodynamic data (ACG°, ACH° and ACS°) for complexation in 
water and chloroform ( eqs. 1.4 and 1.5) derived from titration calorimetry, will be 
carried out by Dr. Gomez Orellana at the University of Santiago of Compostela, Spain.
The experimental work related with this thesis is now described,.
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1 .3 . E x p e r i m e n t a l  p r o c e d u r e .
1.3.1. L ist o f Chemicals and their abbreviations.
The chemicals used , their abbreviations and sources are given as follows:
• 4-amino-N-2-(pyridinyl)benzenesuIfonamide (Sulfapyridine), Sigma.
• 4-amino-N-(2-pyrimidinyl)benzenesulfonamide (Sulfadiazine), Aldrich Chemical 
Company.
• 4-amino-N-(4-methyl-2-pyrimidinyl)benzenesulfonamide (Sulfamerazine), Sigma.
• 4-amino-N-(2,6-dimethyl-4-pyrimidinyl)benzenesulfonamide (Sulfisomidine), Sigma.
• 4-amino-N-(2,6-dimethoxy-4-pyrimidinyl)benzenesulfonamide (Sulfadimethoxine), 
Sigma.
• 4-amino-N-(5-methyl-3-isoxazolyl)benzenesulfonamide (Sulfamethoxazole), Sigma.
• 4-amino-N-(3,4-dimethyl-5-isoxazoIyl)benzenesulfonamide (Sulfisoxazole), Sigma.
• 4-amino-N-2-thiazolyl benzenesulfonamide (Sulfathiazole), Sigma.
• 4-amino-N-(5-methyl-l ,3,4-thiadiazol-2-yl)benzenesulfonamide (Sulfamethizole), 
Sigma.
• Chloroforom, ( CI3CH), Analar R.
• P-cyclodextrin, ( (3-CD), Sigma.
• Deionised water.
1.3.2. Purification o f chloroform.
The solvent was passed through a column of grade I activated alumina. The water 
content of the solvent was determined by Karl Fischer titration and found to be < 0.02 %
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1.3.3. Determination of solubilities o f sulfonamides in water and 
chloroform  at 298.15 K.
1.3.3.1. - Solubility measurements.
Saturated solutions of sulfonamides were prepared by adding to the solvent ( water or 
chloroform) an excess of the drug. The mixtures ( in duplicate ) were left to equilibrate 
for several days at 298.15 ± 0.05 K in a thermostated bath in order to ensure that 
equilibrium was reached. Aliquots of the saturated solution ( in triplicate ) containing the 
appropriate drug were removed and the amount of drug in the sample was analysed by 
spectrophotometry using a Pye-Unicam 8700 equipment. In all cases, the reference cell 
contained the appropriate solvent. The corresponding concentration and therefore, 
solubility was calculated from a calibration curve of molarity versus molar absorbance
Solvate formation was checked using the De Ligny method22. No solvation was detected 
in water or in chloroform.
Quantitative determination of sulfonamides by spectrophotometry.
The quantitative determination of sulfonamides in the saturated solutions was performed 
spectrophotometrically in water and in chloroform. Details of the experimental work 
required are given.
Calibration curves.
An aliquot of the sulfonamide solution was prepared by weighing an accurate amount of 
drug ( ± 0.00001 g ) and dissolving it to 100 ml in a volumetric flask .This solution was 
used to prepare several samples containing different concentrations of the drug.
1.3.3.2. - Solubility of p-cyclodextrin in chloroform.
Saturated solutions of p-cyclodextrin were prepared by adding to chloroform an excess 
amount of the ligand . The mixtures ( in duplicate) were left to equilibrate for several
32
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days at 298.15 ± 0.05 K in a thermostated bath . Aliquots of the saturated solution ( in 
duplicate) were analysed gravimetrically as follows: Evaporating basins were dried in an 
oven and then placed into a desiccator during one hour. Then, these were weighed in a 
precision balance ( Mettler AE240) until constant weight. Aliquots of the saturated 
solutions of P-cyclodextrin were placed in these basins, and the solvent was allowed to 
evaporate slowly by applying low heat. After complete evaporation of the solvent , the 
basins were placed again in the desiccator and dried under vacuum for several hours until 
constant weight.
1.3.4. Preparation o f sulfamerazine-p-cyclodextrin complex
The sulfamerazine-p-cyclodextrin complex was prepared from P-cyclodextrin ( 0.5 
mmol) and sulfamerazine (0 .5  mmol) dissolved in water ( 20 ml). The mixture was 
stirred until complete dissolution. The solvent was allowed to evaporate slowly by 
applying low heat. The solid residue was placed in a desiccator and dried under vacuum 
for several hours. Microanalysis of the sample was carried out at the University of 
Surrey.
33
Chapter 1.- Cyclodextrin sulphomamide
1 .4 . R e s u l t s  a n d  D i s c u s s i o n .
1.4.1. Solubility measurements and derived Gibbs Energies of 
Solution of N1substituted sulfonamides in Water and 
Chloroform at 298.15 K.
Solubility measurements were carried out as described in the experimental section 
(pag.32). Spectrophotometry was the analytical technique used to determine the 
concentration of the drug in the saturated solution and this is now discussed.
Calibration curves for the different sulfonamides in chloroform and in water are shown in 
Figs 1.6-1.14. The molar absorptivity (bm) and the correlation coefficient (r2) for each 
system are also shown in these figures. The wavelengths of maximum absorption used for 
these determinations are shown in Table 1.2.
For the calibration curves the method of least squares was used to find the best straight 
line. The plots of absorbance vs concentrations ( Figs 1.6 - 1.14) demonstrate that the 
Beer’s law is clearly obeyed. As the absorbances of the saturated solutions were high , 
these solutions were diluted .
The slope and the intercept calculated from the calibration plot were used to determine 
the concentration of sulfonamide in the aliquot and a dilution factor was applied to find 
the concentration of the drug in the saturated solution. Solubility data for nine N 1- 
substituted sulfonamides in water and in chloroform and at 298.15 K. are reported in 
Table 1.2. These data are the average of several analytical measurements from two 
separate sets of equilibrium mixtures . The standard deviation of the data are also 
included in this table.
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0 2 0 0  4 0 0  6 0 0  800
rSulfapyridin§i/10 7mol.cm'3
Intercept = 0.001, r2 = 0.9998 
eM = 17,130 mol'1.dm3.cm'1
(a)
0 2 0 0  4 0 0  6 0 0
[Sulfapyridinel'10 7mol.dm"3
Intercept =-0.013, r2 = 0.9986 
sM = 22,220 mol'1 .dm3.cm'1 
(b)
Fig. 1.6. Spectrophotometric Calibration Curve of Sulfapyridine in water (a) and 
chloroform (b) at 298.15 K.
©ocTO
■eoIf)
-Q<
©OcTO
■eo
V)n<
(Sulfadiazin0<107mol.dm
intercept = 0.027, r2 = 1.000 
eM = 18,190 mol'1.dm3.cm'1 
(a)
0 2 0 0  4 0 0  6 0 0
[SulfadiazineljO 7mol.dm'3
intercept = -0.003, r2 = 0.9998 
bm = 21,660 mol'1 .dm3.cm'1
(b)
Fig. 1.7. Spectrophotometric Calibration Curve of Sulfadiazine in water (a) and 
chloroform (b) at 298.15 K.
0 200 400 600
(Sulfamerazind,*107mol.dm'3
intercept = 0.007, r2 = 0.9994
_o<
0 2 0 0  4 0 0  6 0 0
[Sulfamerazinej 107mol.dm'3
Intercept = 0.011, r2 = 0.9992 
eM = 18,330 mol'1.dm3.cm'1 em = 22,020 mol'1 dnv3.cm"1
(a) (b)
Fig. 1.8. Spectrophotometric Calibration Curve of Sulfamerazine in water (a) and in
chloroform (b) at 298.15 K.
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CDOc03
■eoC/>ri<
0 500  1000
(SulfisomidineJ J O  7 mol.dm'3
intercept = 0.009, r2 = 0.9999 
6m = 22,430 m ol1 .dm3.cm'1 
(a)
(Sulfisomidin^,107 mol.dm
intercept = 0.005, r = 0.9990 
eM = 14,390 mol'1.dm3.cm'1 
(b)
Fig. 1.9. Spectrophotometric Calibration Curve of Sulfisomidine in water (a) and in
chloroform (b) at 298.15 K.
o(/>ri<
/Sulfadimethoxine],10 7 mol.dm'
intercept = -0.003, r2 = 0.9992 
eM = 24,050 mol*1.dm3.cm'1
(a)
0 200 400 600 800
(Sulfadimethoxine)»10 7mol.dm 3
intercept = 0.006, r2 = 0.9993 
sM = 21,230 mol'1.dm3.cm'1 
(b)
Fig. 1.10. Spectrophotometric Calibration Curve of Sulfadimethoxine in water (a) and in 
chloroform (b) at 298.15 K.
(SulfamethoxazoleUIO 7mol.dm
intercept = 0.011, r2 = 0.9991 
eM = 16,440 mol'1.dm3.cm'1
(a)
(Sulphametoxazol^ 07mol.dm 3
intercept = -0.001, r2 = 0.9997 
eM -  20,020 mol'1.dm3.cm'1
(b)
Fig. 1.11. Spectrophotometric Calibration Curve of Sulfamethoxazole in water (a) and in 
chloroform (b) at 298.15 K.
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X)<
0 2 0 0  4 0 0  6 0 0  800
[Sulfiisoxazole)*10 7 mol.dm 3 
in te rcept =  0.014, r2 =  0.9998
0 200 400
(S u lfiso xa zo le l/1 0 7 m o l.d m  '3
intercept =  -0.005, r  =  0.9995 
eM = 22,870 m o l1.dm 3.cm '1 
(b)
Fig. 1.12. Spectrophotometric Calibration Curve of Sulftsoxazole in water (a) and in
eM =  15,840 m o l'1.dm 3.cm '1
(a)
chloroform (b) at 298.15 K.
[Sulfathiazole\*107 mol.dm
0 200 400 600
(Sulphathiazolel>x10 7 mol.dm '3
r2 =  0.9996in tercept =  -0.020,
eM -  30,650 m o l'1.dm 3.cm '1 
(a)
2 = 0.9992intercept =  0.050, r
eM =  28,530 m o l'l .dm 3.cm
(b)
Fig. 1.13. Spectrophotometric Calibration Curve of Sulfathiazole in water (a) and in 
chloroform (b) at 298.15 K.
oco
_Q<
(Sulfamethizole)10 7 mol.dm
r2 =
-1 j . „ 3
in te rcept =  0.004,
eM =  17,970 m o l'1.dm 3.cm '1 
(a)
X)
6
0 300 600 900
(Sulfamethizole),10 7 mol.dm'3
eM =  22,290 m o l1.dm 3.cm '1
intercept =  -0.008, r  =  0.9998 
1 9 i
(b)
Fig. 1.14. Spectrophotometric Calibration Curve of Sulfamethizole in water (a) and in 
chloroform (b) at 298.15 K.
37
Chapter I.- Cyclodextrin sulphomamide
Table 1.2 Wavelengths ( A ) of maximum absorption and solubilities of N 1-substituted 
sulfonamides in water and in chloroform at 298.15 K.
Water Chloroform
Sulfonamide A ( nm ) Solubility x 104 
(mol. dm'3)
A ( nm ) Solubility x 104 
(mol. dm'3)
Sulfapyridine 261.6 10.70+ 0.40 268.0 8.05 + 0.03
Sulfadiazine 263.8 3.11 +0.14 266.5 3.01 ±0.41
Sulfamerazine 288.0 7.50 + 0.62 263.6 15.60 + 3.90
Sulfisomidine 282.0 48.10+1.50 269.5 18.31 ±0.20
Sulfadimethoxine 268.0 1.37 + 0.43 266.1 55.20 + 2.70
Sulfamethoxazole 266.3 11.90+0.99 266.9 56.7 + 3.21
Sulfisoxazole 266.0 4.89 + 0.13 266.9 23.30 + 2.30
Sulfathiazole 282.5 18.10 + 0.51 284.8 3.75 + 0.47
Sulfamethizole 276.0 20.30 + 1.40 287.6 14.80+1.40
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The solubility data for sulfamerazine in water is in good agreement with the value of 7.9 
x 10'4 mol.dm'3 at 298.15 K reported in the literature 18. The agreement for the solubility 
of sulfomethoxazole in water and in chloroform is less satisfactory. However, the trend 
observed in the solubility data for this sulfonamide in water at 303.15K (1.59 x 10'3 
mol.dm'3) and 310.15 K ( 4.11 x 10'3 and 2.37 x 10'3 mol.dm'3) shows that the solubility 
of sulfomethoxazole in water increases with temperature. Therefore, the value of 1.19 x 
10'3 mol.dm"3 obtained in this work seems more reasonable than the literature value( 2.0 
x 10'3 mol.dm'3 ). Four solubility data for sulphamethoxazole in chloroform at 
temperatures of 293.15 K ( 8.13 x 10'3 mol.dm'3), 298.15 K ( 9.1 x 10'3 mol.dm'3);
313.15 K ( 6.75 x 10'3 mol.dm'3) and 310.15 K ( 13.1 x 10'3 mol.dm'3) have been 
compiled by Paruta and Piekos 18. The reliability of these data can be questioned since in 
most cases neither the source nor the purity ( or indeed the water content) of the solvent 
was specified by these authors.
As far as sulfathiazole is concerned, this compound has two crystalline forms with 
different melting points and therefore, different solubilities. According to Paruta and 
Piekos 18 the most stable form has a melting point ( 473 K) which differs from the two 
crystalline forms [493 K ( p ) and 445 K ( a  )]. The compound used in this work has a 
melting point of 445 K and the solubility values in water and in chloroform are those 
reported in Table 1.2. The value in water is in fair agreement with the literature value 
(1.832 x 10"3 mol.dm'3) at this temperature.
Solubility data in water and in chloroform are used to calculate the ASG° of the unionised 
compounds in these solvents using eq. 1.6
As G° = - R.T.ln Ks (1 .6 )
In order to account for the dissociation of N^subtituted sulfonamides in water, the a 
solubility data in this solvent was corrected using eq. 1.7.
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where a  is the fraction of ionised sulfonamide ; C is the total concentration of the drug 
and Ka ,the dissociation equilibrium constant at 298.15 K obtained from the literature 19
Accordingly, ASG° values in water and in chloroform are referred to the process.
S(solid) ++ S (solution) ( 1 ■ 8 )
Combination of ASG° values in these two solvents yields AtG° values of N1-substituted 
sulfonamides from water to chloroform ( CfiCH). These data are referred to the process 
described in eq. 1.1, where the two solvents involved are in their pure state. Gibbs 
energies of solution of ^-substituted sulfonamides in water and in chloroform and 
derived Gibbs energies of transfer ( on the molar scale) from water to chloroform at
298.15 K are reported in Table 1.3
This table shows that sulfadimethoxine, sulfisoxazole, sulfamethoxazole and 
sulfamerazine have negative values of AtG°. Consequently, these sulfonamides are better 
solvated in chloroform than in water.
As pointed out by previous workers 23,24 in cases where the mutual solubility of the 
solvents concerned is low and provided that the solutes are not extracted in the organic 
phase as hydrated entities, it is expected that, within the experimental error, AtG° for a 
given solute is the same as APG°. The latter is referred to the process described by eq. 
1.1 .
S (l-I20-sat. C13CH) + +  S (CI3CH-satd, H 20 ) 0 - 9 )
In this process, the two solvents are mutually saturated. Comparison between AtG° and 
APG° values given in Table 1.3 shows reasonable agreement between the two sets of data, 
an indication that in the partition of sulfonamides, most of the drugs are unhydrated in the 
organic phase.
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Table 1.3. Gibbs energies of solution of ^substituted sulfonamides in water and in 
chloroform and derived Gibbs energies of transfer ( on the molar scale) from 
water to chloroform at 298.15 K.
Compound Water 
ASG°/ kJ mol' 1
Chloroform 
ASG° / kJ mol4
AtG° 
(H20->C13CH) 
kJ. mol4
APG° a 
(H20->C13CH) 
kJ.mol4
Sulfapyridine 16.96 ±0.09 17.66 ±0.01 0.70± 0.09 0.75
Sulfadiazine 20.11 ± 0.11 20.10 ±0.34 -0.01 ±0.36 1.35
Sulfamerazine 17.87± 0.20 16.02 ±0.62 -1.85 ±0.65 -2.30
Sulfisomidine 13.23 ±0.08 15.63 ±0.03 2.40 ±0.09 2.15
Sulfadimethoxine 22.05± 0.78 12.89 ± 0.12 -9.39 ±0.79 -8.94
Sulfamethoxazole 16.69 ±0.21 12.82 ±0.14 -3.87 ±0.25 —
Sulfisoxazole 18.90 ±0.07 15.03 ±0.24 -3.87 ±0.25
Sulfathiazole 15,67± 0.07 19.55 ±0.31 3.88 ±0.32 -0.05
Sulfamethizole 15.51 ±0.17 16.15 ±0.23 0.64 ±0.29 -2.78
a Ref. 25
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1.4.2. Gibbs Energy of Transfer o f p-Cyclodextrin from water to 
chloroform.
The standard Gibbs energies of solution of P-cyclodextrin in water and in chloroform 
were calculated from solubility data in these solvents . The process is referred to:
P “ G D ( solicl) + +  P “ C D ( soJutiou) (  1 . 1 0 )
The thermodynamic equilibrium constant, K°s, of this process may be given by:
K°s = ap.cD = Yp-cd. [P-CD] (1 .11 )
ap„c.D is the molar activity of cyclodextrin in solution and y p-cd is its activity coefficient. 
The activity coefficient is considered as unity, therefore, the thermodynamic equilibrium 
constant is given by the solubility of the cyclodextrin in the appropriate solvent relative to 
a- standard state of 1 mol.dm'3.
Ks= [P-CD ] ( 1.12)
Then, the standard Gibbs energy of solution of P-cyclodextrin can be expressed by:
ASG° = - R.T.ln K°s ( 1.13 )
Solubilities , standard Gibbs energies of solution in water and chloroform of p ~  
cyclodextrin at 298.15 K are shown in Table 1.4.
Combination of ASG° values in these two solvents yields the standard transfer Gibbs 
energy ,AtG°, of P-cyclodextrin from water26 to chloroform ( CI3CH). These data are 
referred to the process defined in eq. 1.2.
Therefore, the AtG° values for p-cyclodextrin from water to chloroform is 16.29 kJ.mol1 
at 298.15 K which reflects that the process of transfer of this ligand to chloroform is 
unfavourable.
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1 .5 . T h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  p - c y c l o d e x t r i n  
a n d  d r u g s .
In order to assess the effect of p-cyclodextrin on the transfer of N1 substituted 
sulfonamides from water to chloroform, complexation data in water and in chloroform 
are required. Stability constants ( expressed as log Ks), ACG°, ACH° and ACS° for [3- 
cyclodextrin and N 1 substituted sulfonamides in water at 298.15 K obtained by titration 
microcalorimetry listed in Table 1.5 were carried out by Dr. Gomez Orellana at the 
University of Santiago de Compostela, Spain. Table 1.5 also includes stability constants 
obtained by the solubility method 25. As it can be seen from this table, reasonable 
agreement is found between these two sets of data. As far as enthalpies are concerned, 
large discrepancies are found between the data obtained by calorimetry and those derived 
from the variation of the stability constant with the temperature. Since calorimetry is the 
most suitable method for the determination of enthalpy data, the values obtained by this 
technique are the recommended values for the complexation of p-cyclodextrin and N 1- 
substituted sulfonamides in water at 298.15 K. These results show that: i) the 
complexation process is enthalpically controlled. The loss of entropy is likely to be 
mainly attributed to the loss of freedom as a result of the combination of host and guest 
molecules (two components) to give a host-guest complex( one component) ii) The small 
variation observed in the values of Gibbs energy indicate that this macrocycle has not 
selectivity for any sulfonamide, iii) enthalpies appears to be largely compensated by 
entropies of complexation.
It is clear that from ACH° and ACS° values given in Table 1.5 that these data vary with the 
nature of the heterocyclic ring of the sulfonamide molecules. The enthalpy (and therefore 
entropy) seems to distinguish, except for sulfadiazine, between heterocyclic rings of five 
and six atoms. A larger enthalpic stability ( average ACH° = -27.0 kj.mol'1) and a less 
favourable entropy (average AcS°=-32.9 J.moi^.K'1) are observed for the smaller relative 
to the larger heterocyclic rings ( average AcH°= -17.6 kJ.mol'1, AcS°= -9.3 J.mol^.K'1)
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Table 1.4 .Solubilities and derived standard Gibbs energies of solution in water and 
chloroform of P-cyclodextrin at 298.15 K.
Solubility (mol.dm'3) ASG°/ kJ.mol'1
Water 1.63 x 10'2a 10.20
Chloroform 2.29 x 10'5b 26.48
a Ref. 26 b this work.
Table 1.5 Thermodynamic parameters of complexation of P-cyclodextrin and N1 
substituted sulfonamides in water at 298.15 K .
Compound log Ks ASG° kJ mol'1 ASH° kJ mol'1 AsS° J mol 'K''
Sulfapyridine 2.83a (2.70)b -16.15 -19.3a (-57.8)c -10.5
Sulfadiazine 2.75a (2.53)b -15.70 -24.0a (-27.5)° -27.8
Sulfamerazine 2.53“ (2.17)b -14.44 -16.5a (-13.3)° -6.9
Sulfisomidine 2.25a(2.11)b -12.84 -15.6a -9.2
Sulfadimethoxine 2.79a (2.26)b -15.93 -19. la (-12.7)° -10.6
Sulfamethoxazole 2.77a -15.81 -22.5a -22.4
Sulfisoxazole 2.79n -15.93 -28.0a -40.5
Sulfathiazole 3.37a (3.25)b -19.24 -29.8a (-42.2)c -35.4
Sulfamethizole 3.10a(3.03)b -17.70 -27.6° (-35.7)° -33.2
8 Experimental work carried out by Dr. I. Gomez Orellana at the University of Santiago 
de Compostela, Spain using titration microcalorimetry.b Ref. 25, c Ref. 19.
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No heat was detected for p-cyclodextrin and N1 substituted sulfonamides in chloroform 
using a titration microcalorimeter. The lack of heat does not necessarily indicate that 
there is not complexation. Therefore, further work was carried out aiming to investigate 
the solution properties of the sulfamerazine-p-cyclodextrin complex.
1 .6 . I s o l a t i o n  o f  s u l f a m e r a z i n e - p - c y c l o d e x t r i n  c o m p l e x .
In order to verify the lack of complexation of P-cyclodextrin with sulfonamides in 
chloroform, the sulfamerazine -P-cyclodextrin complex was isolated. Percentages of C,
H, and N found by microanalysis were 44.40, 5.33 and 4.76; respectively, which fit well 
with the calculated values for the formation of a 1:1 stoichiometry complex containing 
two water molecules. This complex was dissolved in chloroform and the amount of drug 
determined in this solvent was found to be 1.98 ± 0.05 x 10'3 mol.dm'3, which is 
approximately the solubility of this drug in chloroform as reported Table 1.2. This result 
confirms the lack of heat observed microcalorimetrically between these drugs and P- 
cyclodextrin in chloroform. The implications of these findings is that in the presence of 
P-cyclodextrin, the overall process of transfer, Kex ( eq 1.14)
S“P“CD (water) ++ P“CD (water) S(chloroform) Kex ( 1.14 )
will involve two steps:
I. The dissociation of the sulfonamide- P-cyclodextrin complex ( S-p-CD) in water to 
produce sulfonamide ( S ) and p-cyclodextrin (p-CD)
S-P-CD (water) +“> S (water) + P“CD (water) Kd ( 1.15)
The transfer of the drug from water to chloroform:
S (water) ++ S (chloroform) Kf ( 1.16)
Therefore,
Kex = Kt x K„ ( 1.17)
Values ofKt were calculated from AtG° given in Table 1.3.
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The Kt and ICex values are shown in Table 1.6
The increase in the bioavailability of drugs observed when these are orally administered in 
the form of a drug-cyclodextrin inclusion complex, can be explained as follows:
The usual steps involved in the oral administration of drugs are schematically shown in 
Fig. 1.15.
Drug in desintegration Drug dissolution Drug in 
solution
absorption
Drug in 
bloodTablet (1 )
particle in 
stomach (2) (3)
Fig. 1.15 Processes involved in the biological absorption of a tablet.
The disintegration (1) is a prerequisite for absorption and fast disintegration enhances the 
absorption. Assuming that the proper technology has been employed to allow rapid 
disintegration of a tablet on ingestion, the second step involved is the dissolution process 
(2)-
The factors that influence the dissolution rate of a daig can be discussed using a 
modified form of the Noyes-Whitney dissolution rate law27 ( eq. 1.18)
( U 8 )
dt Y.h s K
dC/dt, is the rate of increase in the concentration of drag in a bulk solution ( C ) in which 
dissolution of the solid particles is takes place. In eq. 1.21, K, D, S, V, h and^Cs denote 
proportionality constant; diffusion coefficient of the drug in the solvent, surface area of 
undisolved solid , volume of solution, thickness of the diffusion layer around a particle 
and solubility of the drug in the solvent; respectively. For a given drug under well- 
defined conditions of use (such as controlled liquid intake), D, V and h can be considered 
constants and eq. 1.18 can be reduced to:
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-K . S ( C -  C) (1.19)
at
From eq. 1.21 it is apparent that the variables to be controlled by the formula are the 
surface area and the solubility of the drug.
Therefore, the increase in the bioavailability of a drug can be explained by the 
enhancement of its solubility by addition of cyclodextrin.
Taking into account eq. 1.17., a significant increase in the bioavailability of the drug can 
be achieved in cyclodextrin-drug complexes of low stability. Therefore, the benefit of 
increasing the drug solubility and the disadvantage in decreasing the absorption of the 
drug by the addition of cyclodextrin need to be carefully considered if an increase in the 
bioavailability of the drug is desired.
<
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Table 1.6 Data ( Kt and Kex ) for the transfer of sulfonamides from water to chloroform 
at 298.15 K.
Compound Kt Kex
Sulfapyridine 0.75 1.1 x 10'3
Sulfadiazine 0.99 1.8 x 10'3
Sulfamerazine 2.10 6.2 x 10'3
Sulfisomidine 0.38 2.1 x 10'3
Sulfadimethoxine 44.22 7.2 x 10*2
Sulfamethoxazole 4.77 8.1 x 10'3
Sulfisoxazole 4.77 7.7 x 10'3
Sulfathiazole 0.21 8.9 x 10'5
Sulfamethizole 0.77 6.1 x 10‘4
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C h a p t e r  2
C a l i x a r e n e - a m i n e  a n d  c a l i x a r e n e  e s t e r - c a t i o n
i n t e r a c t i o n s .
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2. C a l i x a r e n e s ,
2.1. Overview of Calixarene Chemistry.
The synthesis and characterisation of parent calixarenes and their derivatives have been 
intensively discussed in the literature. The following gives an overview on aspects 
related to this work.
2 .1 .1 . S o lu b ility  o f p-fe/f-butylcalix[n]arenes ( n=4, 8) in v a rio u s  
s o lv e n ts  at 298.15 K.
Danil de Namor1 reported solubility data for p-fer/-butylcalix[n]arenes ( n=4, 8) in 
various solvents at 298.15 K. From these data, Gibbs energies of solution, ASG°, of 
these compounds in the various solvents and transfer data, AtG° from acetonitrile were 
calculated (Table 2.1).
Based on AtG° values a solvation index for p-fe?7-butylcalix[n]arene (n= 4, 8) was for the 
first time established2. Thus, the capability of the medium to solvate p-tert- 
butylcalix[4]arene was found to be in the following sequence,
nitrobenzene>chloroform>dimethylformamide>benzonitrile>methanol>ethanol>n-
hexane>acetonitrile
For /?-fe/7-butylcalix[8]arene the selectivity found was; benzonitrile >chloroform> 
nitrobenzene> dimethylformamide> n-hexane>acetonitrile.
The low solubilities observed for calix[n]arenes in most solvents are mainly attributed to 
the intensive intramolecular hydrogen bonding between the lower rim phenolic groups.
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Table 2.1. Solubility, free energies of solution of p-fe/7-butylcalix[n] arene (n= 4, 8) in 
various solvents at 298.15 K. Derived transfer free energies3.
/?-/<??7-butylcalix[4] arene
Solubility / mol.dm'3 ASG 7 kJ.mol"1 AtG° / kJ.mol' 1
Methanol 5.90 x 10'4 18.43 -6.26
Ethanol 3.30 x 10'4 19.87 -4.82
Dimethylformamide 1 .1 0  x 1 0 '3 16.89 -7.80
Acetonitrile 4.73 x 10'5 24.69 0 .0 0
n-Hexane 2 .1 2  x 10*4 20.97 -3.72
Chloroform 4.34 x 1 O'3 13.48 - 1,1 .2 1
Benzonitrile 9.47 x 10'4 17.26 -7.43 .
Nitrobenzene(b) 1.83 x 10'2 9.92 -14.77 .
/?-/e?Y-butylcalix[8] arene
Methanol < 1 0 '5 — —
Ethanol < 1 0 '5 — —
Dimethylformamide 2 .2 0  x 10 '3 15.17 -12.09
Acetonitrile 1 .6 8  x 1 0 '5 27.26 0 .0 0
n-Hexane 2.51 x 10'5 26.26 -1.0 0
Chloroform 6.23 x 10'3 12.59 -14.17
Benzonitrile 1.14 x 10'2 11.09 -16.17
Nitrobenzene(b) 2.57 x 10'3 14.78 -12.48
3 Ref. 1 b Ref. 2
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The unusual low frequency of the stretching vibrations of the OH groups of the parent 
calixarenes , which ranges from ca 3150 cm' 1 for cyclic tetramers to ca 3300 cm' 1 for 
cyclic pentamers with other cyclic oligomers falling between these limits is attributed to 
the circular array of strong intramolecular hydrogen bonding that exists in these 
molecules3 (Fig. 2.1 ). Tobiason and coworkers4 confirmed that the intramolecular 
character of the hydrogen bonding is strongest for the cyclic tetramer and weakest for 
the cyclic pentamer. Computational methods suggest that a flip-flop hydrogen bonding 
mechanism similar to that observed in P-cyclodextrin takes place 5.
M  O, H- -0.
O H O H
! I * """k ' I
H  , 0  O
O— H 0 - - H
f
Fig. 2.1. Representation of hydrogen bond formation in calix[4]arene.
2.2. Interaction of calix[n]arenes with amines.
Interactions between calix[n]arenes and aliphatic amines was first reported by Gutsche 
and Bauer6,7. These authors postulated that this interaction in acetonitrile involve two- 
steps: a) The proton transfer from the calixarene to the amine to form the ammonium 
cation and the calixarene anion b) the formation of an ion-pair. The overall process is 
described in eq. 2 .1
cctlix[n](sy + A(S) [Cctlix[n]]~(S) + AH+(s) < Kl > AH+[Calix[n\\($) (2 .1 )
In Gutsche treatment, the proton transfer reaction ( Ki) and the ion-pair formation (K2) 
were treated as discrete processes. Gutsche indicated that UV spectral measurements 
appear to arise primarily as a result of the first step, while NMR measurements assess the 
overall process shown in eq. 2 .1 .
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Spectrometric (UV and NMR) studies were carried out using p-allylcalix[4]arene 
which . is more soluble than /?-te?7-butylcalix[4]arene. For this purpose, the amines 
selected were fc/7-butylamine and neopentylamine7 (Fig. 2.2) 
c
( a )
C H ,  
CH,— C— CH, 
M 4 ,
(b )
0 + 3  
CH,— C—CHg 
CH,
NH,
( c )
Fig. 2.2 Structures of ( a ) p-allylcalix[4]arene, ( b ) /-butylamine ( c ) /?eo-pentylamine
NMR chemical shifts and relaxation rates of equimolar amounts of p- 
allylcalix[4]arene and fer/-butylamine or neopentylamine in CD3CN were reported7. 
Downfield shifts of the methyl resonances of fe?7-butylamine and methyl and methylene 
resonances of neopentylamine were observed. These results were interpreted as a 
measure of the extent of proton transfer from the phenol to the amine. According to the 
authors, the difference observed in the chemical shifts of the amines was not related to 
the pKa values in water. It was suggested that factors other than the inherent basicities 
of the amines come into play in determining the chemical shifts. This interpretation was 
supported by the fact that the pattern noted in the chemical shifts was not observed in 
the relaxation times. Thus, the calixarene was more effective than trifluoroacetic acid in 
reducing the relaxation time and less effective in the case of neopentylamine. The !H 
NMR data for calixarene displayed trends similar to those for the amine components; the 
chemical shifts of the protons at positions b, c and d showed relatively little change upon 
complexation; those at position e, however, showed a somewhat greater change, 
particularly in the presence of neopentylamine. The relaxation times for the protons at 
positions a, b, c and d were significantly shorter in the presence of fer/-butylamine and 
somewhat shorter in the presence of neopentylamine than in the presence of NaOH. This 
observation emphasized the fact the interaction with amines was probably more than a 
simple proton transfer process. Two-dimentional Nuclear Overhouser Effect experiment
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(2D NOE) showed interactions between the methyl groups of ferf-butylamine and the 
terminal protons of the allyl groups of calixarene. It was therefore concluded that a 
ertdo-calix complex ( Fig. 2.3) is formed in which the amine is close to the allyl groups of 
the macrocycle.
Fig. 2.3. The fcr/-butylamine-/?-allylcalix[4]arene complex.
Dissociation constants for calixarenes in the presence of amines were carried out by 
measuring the absortivities at various calixarene amine ratios and the data were analysed 
by the Benesi-Hildebrand equation 8. Association constants of calixarene -amine 
interactions in acetonitrile reported by Gutsche are shown in Table 2 .2 .
NMR measurements on equimolar mixtures of /?-a//y/calix[4]arene and te/7-butylamine 
over a concentration range from 10 '3 to 2 .8  x 10"1 mol.dm'3 were used to calculate the 
equilibrium constant for the formation of the endo-calix complex ( K2). A K 2 value of 
6.5 was reported. Thus, the overall equilibrium constant (Ki x K2) was found to be 
approximately 10 6.
Another report on calixarene-amine interactions is that involving the double cavity 
calixarene synthesised by Gustche and co-workers9, shown in Fig. 2.4.
lH NMR studies suggested that unlike parent calixarenes, the selectivity was dependent 
on the structure of the amine.
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Table 2.2. Association constants for calixarene-amine interactions in acetonitrile at 
298.15 K 7
/erAbutylamine weo-pentylamine
/?-allylcalix[4] arene 4.7 x 104 3.0 x 104
/?-te/7-butylcalix[4]arene 4.8 x 104 6 .0  x 10 4
/?-ter/-butylbishomooxacalix[4]arene 1.7 xlO 4 1.4 x 104
/?-ter/-butylcalix[6 ]arene 8 .0  x 10 5 8.0  x 10 4
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R
Fig. 2.4. Structure of a double cavity calixarene.
Gormar and co-workers10 reported UV spectrophotometric studies on the interaction of 
/?-fe/7-butylcalix[n]arenes (n=4, 8) and different cyclic amines, including diamines (Table 
2.3 ) in acetonitrile. Molar absorptivity and equilibria data were determined using the 
Benesi-Hildebrand method8. The stoichiometry of the amine-calixarene complex was 
studied by the continuous variation method. The results are shown in Table 2.4. The 
formation of “exo-complexes” between the ammonium cation and the calix[n]arene anion 
was suggested by these authors. Interaction of diamines with calixarenes leads to the 
formation of 1:2 amine-calix[n]arene complexes. They also found that the compound 
containing N-0 group does not react with these ligands. No indication was given as to 
which processes the data are referred to.
Danil de Namor and co-workers2, 11,12, reported electrochemical and thermodynamic 
studies on the interaction of /?-fer/-butylcalix[n]arene (n=6 ,8) with cryptand 2 2 , cryptand 
222, and triethylamine in benzonitrile and nitrobenzene at 298.15 K. In these papers, 
conductance measurements were performed to derive equilibria data for the process 
involving two neutral species to give an electrolyte, as a result of a proton-transfer 
reaction from the calixarene to the amine (A). Conductance measurements were used to 
obtain information regarding,
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Table 2.3.- Amines selected to investigate interactions with /?-fe/7-butylcalix[n]arene 
(n=4, 8) in acetonitrile10
R
R l
- J  JtoRi
CH3y ? 3
CHj CR* 0
X Ri r2
1 ch2 H nh2
2 NH h H
3 NH ch3 H
4 NH ch3 nh2
5 NH ch3 OH
6 n -ch3 ch3 OH
7 N-0 ch3 H
Table 2.4 Equilibrium constants (Ks ) of /?-fer/-butylcalix[n]arenes ( n=4, 8) and cyclic 
amines in acetonitrile at 298.15 K 10
Amine /?-fcrt-butylcalix[4]arene
Ks stoichiometry 
amine :calix
/?-fe/7-butylcalix[8]arene
Ks stoichiometry 
amine :calix
1 6.4 x 103 1 : 1 1 .0  x 10 4 1 : 1
2 4.6 x 104 1 : 1 -------- _ _ _
3 1.5 x 104 1 : 1 1 .1  x 10 4 1 : 1
4 1.8 xlO 4 1 : 2 2.5 x 104 1 : 2
5 3.3 x 103 1 : 1 -------- —
6 2 .1  x 10 3 1 : 1 -------- —-
7 no proton transfer no proton transfer
8 3.8 x 103 1 : 1 — —
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1. The formation of the adduct (Ks),
calix[ri](s) + A(s) < K-s— > [A H +cctlix[n\-  ] ($) ( 2.2 )
2. the ion-pair association constant (Ka),
AH(S^  + calix[n]~ —>[AH+calix[n]~ ( 2.3 )
3. the limiting molar conductance of the electrolyte ( A°).
Limiting molar conductance, ( A°).of p-fcrt-butylcalixarene salts and equilibria data of 
/>-fer/-butylcalix[n]arene (n=6 , 8) and amines in nitrobenzene and benzonitrile at 298.15 
K are shown in Table 2.5.
Unlike calix[6 ] and calix[8], very low conductivities were reported for the interaction of 
/?-/e/7-butylcalix[4]arene and these amines.
The same authors reported thermodynamic parameters for the interaction of p -terl-  
butylcalix[8]arene with amines in benzonitrile at 298.15 K (Table 2.6).
Good agreement was found between log Ks obtained by calorimetry and those from 
conductimetry measurements ( Table 2.5). For all the systems studied, the process is 
enthalpically controlled with loss of entropy partially due to the interaction of two 
components (calixarene and amine) to give a single component ( ion-pair).
The same authors reported thermodynamic parameters for the interaction of p-tert-  
butylcalix[4]arene and the monomer /?-/e/7-butylphenol with triethylamine in benzonitrile 
and nitrobenzene at 298.15 K (Table 2.7)2.
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Table 2.6 . Thermodynamic data for p-tert-butylca\ix[8]&rene and amines in benzonitrile 
at 298.15 K.
/?-/er/-butylcalix[8 ] arene
amine
log Ks ACG°
kJ.mol*1
ACH°
kJ.mol' 1
ACS°
J.mol^K' 1
cryptand 2 2 3.15a -17.98“ -37.34“ -64.9“
atropine 3.30b -18.84b -30.55 b -39.3b
cryptand 2 2 2 3.84“ -21.92“ -57.29“ -118.6“
triethylamine 3.97“ -2 2 .6 6 “ -34.50“ -39.7“
fcrt-butyl amine 3.18b -18.15b -42.36b
-0<NOOi
“ Ref. 11 b Ref. 12
Table 2.7. Thermodynamic parameters for the interaction of ofp-fert-butylcalix[4]arene 
(calix [4]) and triethylamine and p-fcrt-butylphenol in benzonitrile and 
nitrobenzene at 298.15 K 2
Compound log Ks ACG°
kJ.mol’ 1
ACH°
kJ.mol‘l
ACS°
J.mokK’ 1
calix[4] 2.39
Benzonitrile
-13.65 -27.33 -45.9
p-/er/-butylphenol 0.70 -3.99 -21.72 -59.5
calix[4] 1.57
Nitrobenzene
-8.97 -40.25 -105
/?-/e/7-butylphenol 1.18 -6.73 -29.09 -75.0
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The medium effect is reflected in the thermodynamic data. Although the process 
involving the tetramer is enthalpically more stable (AcH° more negative) in nitrobenzene 
than in benzonitrile, the loss of entropy is greater in the former relative to the latter. 
These results seems to suggest that there is a greater loss of translational freedom upon 
interaction of these species in nitrobenzene than in benzonitrile. The outcome of 
enthalpy and entropy contributions makes the process more favoured (ACG° more 
negative) in benzonitrile than in nitrobenzene. The opposite was found for the monomer 
and triethylamine in these solvents.
Chawla and Srivas 13reported the synthesis of new chromogenic calixarenes as potential 
diagnostic reagents for amines. The calixarenes synthesised shown in Fig. 2.5 exhibited 
maximum wavelengths at 382-383 nm while no absorption at this wavelength was found 
for the amines considered (R-NH2; R= C2H5, C4H9, Me3C, Et2NH, /?-XC6H4NH2, Me- 
CHCHCH2, H2NCH2CH2NH2, diethylenetriamine and triethylenetetramine). However, 
equimolar concentrations of calixarenes and amines in dimethylsulphoxide led to colour 
changes from yellow to red with a bathochromic shift from 37 to 100 nm. These authors 
carried out conductimetric and potentiometric titrations which were based on papers 
previously published by Danil de Namor and co-workers11,12. The results revealed that 
all amines except aniline and p-nitroaniline form 1:1 exo-complexes. The applications of 
the calixarenes synthesised by Chawla and Srinivas were attributed to the possibility of 
detecting diamines in the presence of much higher background concentrations of the 
monoamine and vice versa.
I  " 1
1 2 3
Olj. CHj
Fig. 2.5. Chromogenic calixarenes as potential diagnostic reagents for amines
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2.3. C allx[4]arene esters.
2.3 .1. B a ck g ro u n d  inform ation.
Since this thesis involves the interaction of /?-fcrf-butylcalix[4]arene esters with metal 
cations, an account on the data available in the literature is first given. The structure of 
the calixarene derivatives to be considered are shown in the corresponding tables
2.3.2. E xtraction  o f alkali-m etal ca tio n s  by p -te r t-butyl calix[4]arene 
esters.
In an attempt to assess the complexing abilities of calixarene esters for metal cations, 
extraction of metal cations from aqueous solutions by calixarene derivatives were carried 
out. These are summarised in Table 2 .8 .
Thus, this table shows that for a given metal-ion-ligand system when more than one data 
are available, these are not consistent. Therefore, extraction data reported can only be 
regarded as semi-quantitative data. Ligand-metal cation interactions are more precisely 
described by the stability constants (Ks). In Table 2.9, log Ks values for the 
complexation of alkali-metal cations with /?-ferf-butylcalix[4]arene esters at 298.15 K in 
different solvents are listed.
Equilibria data in Table 2.9 show the effect of the substituent in the ester groups on the 
cation binding selectivity of these macrocycles for alkali-metal cations. Stability 
constants in non-aqueous solvents and extraction data in the water-chloroform solvent 
system are usually related 14,15,17. However, it has not been considered that equilibrium 
constants are dependent on the solvent, therefore, these data are not strictly comparable.
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Table 2.8. Percentages of extraction of alkali-metal picrates from water to 
dichloromethane by /?-te/7-butylcalix[4]arene esters at 293.15 K.
R Li+ Na+ K+ Rb+ Cs+
-ch 3 T 8 6a 2 2 .a 1 0 a 26a
15b 3 b
-ch 2-ch 3 15a 950 49a 24a 49a
62c 99° 7 1 c 9.8a
7d 29d 5d 4d 6d
ch3 28a 94a 76a 53a 82a
1
— c - c h 3 56b 9b
ch3
-ch 2-ch 2-ch 2-ch 3 25b 2 b
-CH2-P1i 18b 2b
-Ph l l b 4b
-CH2-CO-Ph l l b 2 b
-ch 2-ch 2-o-ch 3 14b l b
-ch 2-ch 2-s-ch3 l l b l b
-ch 2-c f 3 2 b 2 b
-ch2-o c h 5b 2b
“ Ref. 14, bRef. 15 cRef,16; 298.15 K d Ref, 17
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Table 2.9. Stability constants (log Ks) for the complexation of/?-/er/-butylcalix[4]arene 
esters and alkali-metal cations at 293.15 K.
ch2
R Solvent Li+ Na+ K+ Rb+ Cs+ Method
-ch 3 MeOH 4.5a 2.3“ Spect.
-ch 2-ch 3 MeOH 2 .6b 5.0b,h 2.4 b 3.1b 2.7b Spect.
AN 6.4b 5.8b 4.5 b 1.9b 2 .8b Spect.
THF 3.0° 4.0° 3.r - 1 .6° Spect.
CKj MeOH 2.5e 4.7a 4.0“ Spect.
— C-CH3 ch c i3 5.9d 9.9d 6 .6d 5.6d 6 .2d Extraction
CH*
-ch 2-ch 2-ch 2-ch 3 MeOH 5.6a 2.7“ Spect.
-CH2-P1i MeOH 4.6a 2.4“ Spect.
-Ph MeOH 5.3“ 2.4“ Spect.
-CH2-CO-Ph MeOH 5.1“ 1.7“ Spect.
-ch 2-ch 2-o-ch3 MeOH 4.7“ 2.3“ Spect.
-ch 2-ch 2-s-ch3 MeOH 3.8“ <1“ Spect.
-ch 2-c f 3 MeOH 3.4“ 2 .0“ Spect.
-ch2-o c h MeOH 4.4“ 2.4“ Spect.
j
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continuation...
COOR
R Solvent Li+ Na+ K+ Rb+ Cs+ Method
-ch 2-ch 3 MeOH 3.47e 5.71e 4.91e 3.15® 2.56° Pot.
Od3
1
— c - c h 3 
ch3
MeOH 3.54e 5.60e 5.00e 4.00e 3.90e Pot.
R Solvent Li+ N a + K+ Rb+ Cs+ Method
-ch 2-ch 3 MeOH/
THF:15/1
4.43e 2.24e
i o u pX N /
0 OH1
CH2
COOR
R Solvent Li+ N a + r Rb+ Cs+ Method
oh3 
—c - c h 3 
ch3
MeOH 4.60e 6.60e 6.60e 4.60e 4.30e Pot.
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continuation...
o
R Solvent Li+ Na+ K+ Rb+ Cs+ Method
-CH2-CH3 CH2CI2 
AN; 4:21
4.86f Spect.
R Solvent Li Na+ K+ Rb+ Cs+ Method
-ch 2-ch 3 diethylether/ 
AN ; 97:3
1 .28 4.38 2.9s 2 .2s Spect.
MeOH, methanol. AN, acetonitrile. THF, tetrahydrofiiran.
*Ref 15 bRef. 14, 'Ref. 18, <lRef.l9, 'Ref. 20, f Ref. 21; gRef.22, ''Competitive 
potentiometric method.
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As far as sodium and potassium are concerned, the highest selectivity for sodium is found 
with the phenacyl derivative; this can be due to i) the presence of an additional 
coordinating atom in the phenacyl ester moiety, ii) a better preorganisation of the 
receptor for Na+ resulting from the more rigid phenacyl moiety.
It should be emphasised that stability constants higher than 1 0 5, cannot be determined 
accurately using spectrophotometric techniques and some of these results can be only 
considered as tentative values. In these cases, the development of a method for the 
determination of high equilibrium constants had to be considered.
The complexation properties of calixarene carboxylate alkyl esters with mixed functional 
groups for alkali-metal cations in methanol show that substitution of phenolic hydrogens 
or ester functions by carboxylic acids leads to an enhancement in the stability constant of 
the resulting complex, but a decrease of the Na7 K+ selectivity.
The first calorimetric studies on solution thermodynamics of /?-fc/7-butylcalix[n]arenes 
have been reported by Danil de Namor et. al.23. These authors reported the 
complexation of /?-/er/-butylcalix[4]arene tetraethanoate with alkali-metal cations in 
methanol and in acetonitrile at 298.15 K. The enthalpy and entropy parameters of 
transfer from acetonitrile to methanol reflected a specific interaction between the 
macrocyclic ligand and acetonitrile , leading to a better pre-organisation of the 
hydrophilic cavity of the calixarene to interact with metal cations in this solvent.
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Table 2.10. Thermodynamic parameters of complexation of ethyl p-tert- 
butylcalix[4]arene tetraethanoate and alkali-metal cations in acetonitrile and 
methanol at 298.15 K .23
Acetonitrile
Metal cation ACG°
kJ.mol' 1
ACH°
kJ.mol' 1
ACS°
J.moU.K"1
Li+ -36.53 -48.78 -41.1
Na+ -33.11 -61.55 -95.4
r -25.69 -43.85 -60.9
Rb+ -10.85 -18.67 -26.2
Cs+ -15.98 -11.48 15.1
Methanol
Li+ -14.84 5.05 66.7
Na+ -28.54 -45.60 -57.2
K+ -13.70 -14.22 -1.7
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2.4. Aims of the present work.
The literature survey presented on calixarene chemistry derivatives demonstrate that few 
studies on the complexation of /?-fer/-butylcalix[4]arene and metal cations have been 
reported. Knowledge on the solvation of the host, the guest and the resulting complex 
are required in order to obtain detailed information on the process of complexation2. 
This is more relevant in the case of calixarenes due to the presence of a hydrophobic 
cavity able to interact with the solvent.
The thermodynamic study on calixarene chemistry presented in this thesis will be divided 
into two sections,
i) Interaction of/?-te?7butylcalix[4]arene with te/7-butyl amine in benzonitrile at 298.15 K
ii) Complexation of alkyl (methyl, ethyl and n-butyl) /?-fe/7-butylcalix[4]arene 
tetraethanoates with alkali-metal cations in acetonitrile and benzonitrile
The objectives of this work are as follows,
1. As far as calixarene-amine interactions are concerned, the report by Gutsche 
indicating the formation of an endo-calix compound with tert-butylamine encouraged a 
thermodynamic investigation of this system. With this purpose in mind, benzonitrile was 
chosen as the reaction medium due to the relatively high solubility of p-teri-calix[4]arene 
in this solvent.
2. To proceed with a detailed thermodynamic study on the interaction of alkyl of p-tert- 
calix[4]arene tetraethanoates ( alkyl= methyl, ethyl, w-butyl) and metal cations in 
acetonitrile and in benzonitrile at 298.15 K. These studies should involve the 
development of a new technique for the determination of high stability constants given 
that methods currently used are unsuitable for this purpose.
The experimental work required to proceed with these studies is now described.
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2.5. Experimental.
2 .5 .1. L ist o f  C h e m ica ls  and their ab b reviation s.
The chemicals used in this chapter, their abbreviations and sources are given as follows.
2.5.1.1. Calibration Experiments.
• Hydrochloric acid ( HCl). 0.1 mol.dm'3, BDH
• Potassium Chloride ( KC1), BDH AnalaR
• Tris (hydroxymethyl)aminomethane ( THAM ), Aldrich Chemical Company
2.5.1.2. Interaction of p-fe/f-Butylcalix(n)arenes with amines.
• Benzonitrile ( BN ), Aldrich Chemical Company.
•  p -ter t-butyl amine (TBA); Aldrich Chemical Company.
• /?-ter/-butylcalix[4]arene ( Calix[4] ); Aldrich Chemical Company.
• p-fert-butylcalix[6 ]arene ( Calix[6 ] ); Aldrich Chemical Company.
• p-/er/-butylcalix[8]arene ( Calix[8] ); Aldrich Chemical Company.
2.5.1.3. Com plexation of alkyl p-fe/t-butylcalix(4)arene tetraethanoates 
with alkali-metal cations.
• Acetonitrile ( AN ), Fisons HPLC.
• Benzonitrile ( BN), Aldrich Chemical Company.
• Caesium perchlorate (CsCl04); Aldrich Chemical Company.
• Lithium tetrafluoroborate (LiBF4) Fluka.
• Lithium trifluoromethanesulfonate ( Lithium triflate ), (LiCF3SC>3), Aldrich Chemical 
Company.
• Perchloric acid (HC104) , Fisons.
• Potassium iodide; (KI), Aldrich Chemical Company.
• Rubidium tetraphenylborate, (RbPh4B), Aldrich Chemical Company.
• Silver nitrate, (AgN03); BDH AnalaR.
• Sodium perchlorate; (NaCl04), Aldrich Chemical Company.
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• Tetraethylammonium hydroxide (Et4NOH); Fluka.
• Silver wire (Ag).- Aldrich Chemical Company.
2.5.2. Purification  o f rea g e n ts.
• Cryptand 222, Cryptand 22, p-ferf-butylcalixfnjarenes (n = 4, 6 , 8) , LiBF4, KI, 
RbPh4B and NaC104 were dried under vacuum for several days before use.
• THAM was recrystallised from a water:methanol (1:4) mixture. It was then dried for 
24 hours, screened and crushed. Finally, it was left for several days under vacuum at 
353 K.
• fc/7-Butylamine was distilled from potassium hydroxide, only the middle fraction of 
the distillate was used 24.
• Tetraethylammonium perchlorate (TEAP) was prepared from tetraethyl ammonium 
hydroxide and perchloric acid. The product was recrystallised twice from methanol, 
washed with ether and dried under vacuum.
• Lithium triflate was recrystallised twice from a toluene-acetone mixture and dried at 
363 K under vacuum.
• Methyl /?-fert-butylcalix(4)arene tetraethanoate (TME), ethyl /?-te/7-butylcalix(4)arene 
tetraethanoate (TEE) and n-butyl /?~fcr/~butylcalix(4)arene tetraethanoate (TBE) were 
synthesised at the Organic Chemistry Laboratory of Universidad Nacional del Sur, 
Bahia Blanca, Argentina. These were recrystallised from a methanol/dichloromethane 
mixture and dried under vacuum for several days at 100°C.
2.5.3. Purification  o f so lv e n ts .
• Acetonitrile was refluxed and distilled from calcium hydride 24, only the middle 
fraction of the distillate was used. The water content of the solvent, checked by Karl 
Fischer titration was not more than 0.02%.
• Benzonitrile was dried with CaCl2 and distilled from P20 5 under reduced pressure24. 
The middle fraction was collected and redistilled after refluxing the solvent for a few 
hours. The amount of water in the solvent did not exceed 0.01%. The conductivity 
of the solvent used was 3.5 x 10'8 S. cm' 1 at 298.15 K.
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2.5.3.1. The calorimeter.
Calorimetric measurements were carried out in a Tronac 450 isoperibolic calorimeter . 
This calorimeter is a commercial version of the solution calorimeter designed by 
Christensen and Izatt25. This calorimeter consists of two main components :
1. The electronic assembly.- The main electronic assembly consists of a Wheatstone 
bridge; one of its arms is a thermistor used to detect the temperature change in the 
reaction vessel. The signal detected with the thermistor is converted to voltage and 
registered in a chart recorder. The calorimeter is calibrated by a heater of known 
resistance ( R). The voltage applied (V) to the heater is directly monitored in the 
standard resistance ( Vi) and in the calibration resistance heater (V2). The heating 
intervals ( t ) are accurately measured by a timer connected to the electronic assembly.
2. The calorimetric assembly.- It consists of an insulated thermostatic bath with 
capacity of 50 dm3 of water around the centrally located calorimeter. The stability of 
the bath temperature is maintained constant by a precision temperature controller. 
The calorimeter is equipped with a 50 ml reaction vessel, a stainless steel stirring 
blade which is connected to the ampoule holder .
Solution experiments were carried out using 1cm3 glass ampoules sealed with silicone 
rubber stoppers. The ampoule placed in the holder was broken by crashing from a 
plunger on the stirring blade assembly.
The Tronac 450 was used as titration calorimeter since it is equipped with a burette 
(2.00 ml) connected to the reaction vessel by a silicon tubing. The system is connected 
to the electronic assembly and the time of each injection is measured by a timer.
2.5.3.2. The Thermogram.
The experimental graph obtained in the chart recorder is a plot of time against voltage 
(temperature).
A typical thermogram for an ampoule breaking experiment is presented in Fig. 2.1. 
Region a-b is the initial period and indicates the net heat in the reaction vessel and
74
Chapter 2.- Calixarene Chemistry
contents before the titration starts. Region b-c indicates the heat produced in the 
reaction and region c-d is the post-reaction period.
Voltage
Fig. 2.1. A typical thermogram ( potential-time) curve for an exothermic reaction.
The Dickinson method 26 is currently used to calculate the magnitude of the heat released 
from the temperature-time reaction curve.
2.5.3.3. Burette Calibration.
The burette Delivery Rate (BDR) was carried out by measuring the weight of water 
delivered by the burette as a function of time. The burette was filled with freshly boiled 
deionised water and the insert assembly of the calorimeter lowered into the thermostated 
bath to maintain the burette at 298.15 K.
In order to calculate the moles of reactant added to the reaction vessel, the volume of 
titrant delivered per second must be determined. The burette delivery rate (BDR) in 
ml.cm' 1 was calculated from the following equation
BDR = —  (2.4)
p. t
where w is the weight of the solvent (g), p  is the density of water (g.cm'3) at the 
temperature of calibration and t is the collection time in seconds.
2.5.3.4. - Calibration of the Calorimeter.
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The enthalpy of protonation of an aqueous solution of THAM in hydrochloric acid
(O.lmol dm3) at 298.15 K (eq. 2.5) 27 was measured in order to check the performance 
of the calorimeter.
In the calibration experiment, an aqueous solution of THAM placed in the burette was 
incrementally titrated into the reaction vessel containing an aqueous solution of 
hydrochloric acid (50 ml ).
2.5.3.5. Determination of solution enthalpies.
In a typical experiment, the reaction vessel was filled with an accurately measured 
volume of solvent (50 ml). The ampoule containing a known amount of sample was 
sealed and placed in the steel-blade assembly, the stirrer was switched on and the system 
heated or cooled until its temperature was near 25 °C. Then, the reaction vessel was 
placed in the thermostated bath. After an equilibrium period (~15 minutes), the 
calorimeter was left to run for a period of time as to enable the determination of the 
initial period (~ 3 minutes ), then the ampoule was broken. After the reaction, the 
calorimeter was allowed to run for a further period of time in order to determine the final 
period. The system was cooled or heated until the temperature was approximately equal 
to the initial temperature of the reaction and electrical calibrations (at least four) were 
carried after the reaction. The experimental conditions chosen were as close as possible 
to those of the reaction. The difference was that instead of breaking the ampoule, a 
known amount of electrical heat was introduced in the system. The electrical heat was 
calculated from the time of heat input, the resistance of the heater (1 0 0 .0 in )  and the 
voltages, Vi and V2.
The heat evolved in the reaction was determined using the method of correction 
suggested by Dickinson26. This method is based on the fact that the rate of heat 
evolution during a reaction is exponential. Therefore, the mean temperature of the main 
reaction, t„„ occurred at the time when 63% of heat is evolved ( 0.63 = 1 - 1 /  e). The pre 
and post-reaction periods of the calorimetric plot were extrapolated to this time and the 
corrected temperature change was obtained.
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2.5.3.6. Titration calorimetry.
Titration calorimetry is a technique where one reactant is titrated into another reactant 
and the temperature of the system is measured as function of the titrant added28. The 
temperature change may be produced by a chemical reaction or by physical interaction 
between the titrate and the titrant., The data in the form of temperatures and 
concentrations can be analysed to calculate the equilibrium constant and the enthalpy 
associated to a given process.
There are two types of titration techniques - incremental and continuous. In the first 
type, the titrant is added incrementally. In continuous addition, the titrant is introduced 
at a constant rate during a run. This has the advantage that a complete record is 
obtained of the heat effects during a reaction. Apparatus based on continuous addition 
of titrant must have quick response to temperature changes.
Titration calorimetric experiments were carried out using the technique of incremental 
additions. In a typical experiment, a solution of the metal-cation salt or amine in the 
appropriate solvent was filled into the burette. Then, the calixarene solution in the same 
solvent (50 ml) was pipetted into the reaction vessel and placed in the calorimetric tray. 
The whole system was immersed in the themostatic bath kept at 298.15 K, and allowed 
to reach thermal equilibrium. Then, the titrating solution was added and the time 
recorded. At least four electrical calibrations were carried out.
2.5.4. P oten tiom etric m easu rem en ts.
Potentiometric measurements were carried out in a Camlab potentiometer. The 
electrochemical cell used is illustrated in Fig. 2.2
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TEAP 0.05 mol.dm
Fig. 2.2. Schematic representation of the electrochemical cell used for the potentiometric 
titrations.
The indicator and reference electrodes were kept at constant temperature ("25.00 +/-
0.05 °C) using a thermostated bath. The reference electrode was a Ag/Ag+ electrode.
-3\
A silver wire was introduced in a solution of silver nitrate (0 .0 1  mol.dm /. The ionic
-3
strength was kept constant by using a solution of TEAP (0.05 mol.dm ). At the 
indicator electrode, titrations were carried out and the activity of free silver was  ^
measured using a silver wire. A solution of TEAP (0.05 m o l.d m " - * )  was used as the salt 
bridge.
The device used is based on that reported by Schneider and co-workers29. 
Computational simulation programs were used to select the appropriate concentrations 
of ligand and metal-ion salt to be used in these measurements. Titrations were carried 
out until an excess of titrant was added. These points are considered in the calculations.
At the beginning of the titration the indicator electrode was filled with TEAP (25 ml,
-3
0.05 mol.dm ). The method has four consecutive steps.
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1. Calculation of the standard potential (E°) of reference the cell.- A solution of 
silver nitrate was added into the TEAP solution ; at least ten additions were 
performed.
2. Determination of the stability constant of silver cryptate.- A  solution of cryptand 
was added in excess to the indicator electrode..
3. Determination of the equilibrium constant of the alkali-metal cryptate complex. 
A  solution of the metal was added in excess to the solution of silver cryptate.
4. Determination of the equilibrium constant of the alkali-metal calixarenate 
complex-. Addition of an excess of the calixarene derivative to displace the alkali- 
metal cation from its cryptate.
Each determination involved the steps described above. All the solutions were prepared
and measurements were carried out on the same day.
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2.6. - RESULTS AND DISCUSSION.
Under this heading the results will be presented in the following order
1. Calibration of the calorimeter. Thermodynamic parameters of solution of p-tert- 
butylcalix[n]arene (n=4,6,8) in benzonitrile at 298.15 K.
2. A thermodynamic approach for the study of p-tert-butylcalix[4]arene - p-tert- 
butylamine interactions.
3. Complexation of alkyl />fe/7~butylcalix[4]arene tetraethanoates and alkali-metal 
cations in acetonitrile and benzonitrile at 298.15 K.
2 .6 .1. C alibration  o f the calorim eter.
2.6.1.1. Calibration of the Burette.
The burette was calibrated as detailed in the Experimental Part. The results listed in 
Table 2.11 include the weight of the solvent (g), the collection time, t in seconds (s) and 
the burette delivery rate (BDR) in ml.s'1. The standard deviation of the data are also 
included in this table.
2.6.1.2. Calibration of the Calorimeter.
-3
The enthalpy of protonation of a solution of THAM in hydrochloric acid 0. lmol dm at
298.15 K (eq 2.5) was measured in order to check the performance of the calorimeter. 
This is a well known standard chemical reaction and the values of enthalpy are well 
established30,31
H2NC(CH2OH)3(aq) + I ^ a q )  -> H3N+C(CH2OH)3(aq) + H20 (aq) ( 2.5 )
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Table 2.11. Burette Deliver Rate ( BDR) of the burette
Time ( s ) Weight ( g ) BDR/ml. s' 1
30.09 0.17513 5.846
30.03 0.17901 5.981
29.82 0.17560 5.910
29.94 0.17547 5.881
30.24 0.17793 5.904
30.07 0.17661 5.894
29.97 0.17586 5.888
30.29 0.18158 6.016
average 5.914 ± 0.057 ml.s' 1
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A computer program CALTRIS.BAS (Appendix 1 ) was developed in order to find the 
enthalpy of protonation of THAM using titration calorimetry. For this purpose, the total 
heat observed in each addition (q^ ) was corrected to account for the hydrolysis of 
THAM in water (q )^ and the heat of dilution (qj) in order to obtain the heat of 
protonation (qp). Thus'
rip = fit - %  - fid ( 2  6 )
the heat of dilution of hydrochloric acid in water was found to be negligible.
The hydrolysis reaction of THAM may be represented by;
THAM + H20  K|1 > HTHAM+ + OH~ (2 .7 )
the hydrolysis constant, is given by;
[HTHAM'HOH-}
[THAM]
32
and the reported value expressed as log is -5.929
The concentration of OH" was calculated from eq. 2.9,
[OH-] = {Kh[THAM])m  (2 .9)
the heat associated with the hydrolysis of THAM in water was calculated from
qh =[ OH- ] V . AhH ( 2 .1 0 )
where V is the volume added in each step and AhH° is the enthalpy of formation of 
water (-55.81 kJ.mol"!) at 298.15 K 32 .
The enthalpy of the protonation ApH, is expressed as;
A „#  = + • (2 .11 )
n
where n, is the number of moles of THAM added in each step.
The results of the protonation of THAM in water at 298.15K are shown in Table 2.12.
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In the following section the interaction of p-/c?/7-butylcalix[4]arene and /-butylamine is 
discussed.
2.6.2. A  th erm od yn am ical ap p ro ach  fo r the stu d y  o f p-ferf- 
bu tylcalix[4]arene- f-butylam ine in teraction s.
Before proceeding with calorimetric studies on the interaction of p-tert- 
butylcalix[4]arene and /-butylamine, the solution properties of p-fc/7-butylcalix[n]arenes 
(n=4, 6 , 8) in benzonitrile at 298.15 K are discussed.
2.6.2.1. Thermodynamic parameters of solution of p-fe/t- 
butylcalix[n ]aren e  (n=4,6,8) in benzonitrile at 298.15 K.
Enthalpies of solution of p-feri-butylcalix[n]arenes (n=4, 6, 8) in benzonitrile were 
carried out by calorimetry. This solvent was selected due to the relatively high solubility 
of these ligands in benzonitrile. Thus, enthalpies of solution of p-fe/7-butylcalix(n)arenes 
(n=4,6,8) in benzonitrile at different concentrations (molar scale) are reported in Table 
2.13. The heat of breaking of empty ampoules was found to be negligible. Since these 
ligands are non-electrolytes, no variation in ASH values with changes in the 
concentration are observed. Therefore, the standard enthalpies of solution (ASH°) of 
these macrocycles are the average values of the data given in Table 2.13.
From solubility values in benzonitrile at 298.15 reported in the literature, thermodynamic 
parameters such as Gibbs energies ,ASG°, enthalpies, ASH°, and entropies, AsS° of 
solution of p-/e/7-butylcalix(n)arenes (n=4,6,8) in benzonitrile were calculated. These 
values are listed in Table 2.14.
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Table 2.12. Standard Enthalpy of Protonation of THAM in water at 298.15K using the 
Tronac 450 Calorimeter
volume of 
THAM 
(ml)
qt
(J)
qi>
(J)
qP
(J)
APH°
(kJ.mol"1)
0.09973 -1.1818 -0.0030 I I—
‘ -J 00 00 -47.66
0.08294 -0.9811 -0.0025 -0.9797 -47.63
0.07272 -0.8579 -0 .0 0 2 2 -0 .8 6 6 6 -47.45
0,08183 -0.9621 -0.0025 -0.9596 -47.29
0.08027 -0.9549 -0.0024 -0.9525 -47.85
0.07356 -0.8731 -0 .0 0 2 2 -0.8709 -47.74
0.06185 -0.7353 -0.0019 -0.7334 -47.82
0.06315 -0.7435 -0.0019 -0.7416 -47.35
0.06347 -0.7550 -0.0019 -0.7531 -47.84
0.06250 -0.7406 -0.0019 -0.7387 -47.66
average -47.63 ± 0 .2 0  kJ.mol' 1
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Table 2.13. Enthalpies of solution of/?-/e/7-butylcalix(n)arenes (n=4,6,8) in benzonitrile 
at 298.15 K.
/?-fert-butylcalix[4]arene /?-fe/7-butylcalix[6]arene p-tert- butyl calix [ 8 ] arene
ca
mol.dm'3
ASH
kJ.mol' 1
ca
mol.dm'3
ASH
kJ.mol' 1
ca
mol.dm'3
ASH
kJ.mol' 1
1.87.10'4 -14.6 3.13.10'4 -25.0 1.80.1 O'4 -46.2
1.96.10'4 -13.3 3.53.10'4 -22.5 1 .8 6 .1 0 '4 -44.1
2.18.10'4 -15.1 4.64.1 O'4 -23.8 2.44.10'4 -47.5
3.28.1 O'4 -13.1 5.44.10'4 -24.6 3.13.10"4 -47.5
4.01.10'4 -14.1 7.61.10'4 -2 2 .8 4.03.10'4 -44.2
ASH° -14.2 ± 1.0 ASH° -23.7 ±1.0 ASH° -45.9 ± 1.7
a Final concentration in the calorimetric vessel
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The dissolution process of the parent calix[n]arenes (n=4, 6 , 8) in benzonitrile involves 
the contribution of the lattice energy (endothermic) and the solvation (exothermic). 
Therefore, the overall results reflect that solute-solvent interactions are predominant, 
which may be due to the interaction between the solvent and the macrocyclic, both of 
which contain benzene rings. In general, calixarenes have low solubility in solvents with 
no aromatic rings in their structure. As far as the enthalpies are concerned, there is an 
increase in the enthalpic stability as the number of benzene rings in the calixarene 
increases from n = 4 to n = 8 . Calculation of. the enthalpy per benzene unit leads to
values -3.6, -3.9, -5.2 kj.mol1 for the tetramer, the hexamer and the octamer; 
respectively; suggesting that as the flexibility of the calixarene increases in going from 
the tetramer to the octamer, there is an increase in solute-solvent interactions.
In order to remove the contribution of the crystal lattice energies, thermodynamic 
parameters of transfer ( AtG°, AtH° and AtS°) are calculated using nitrobenzene as the 
reference solvent at 298.15 K2. These data are reported in Table 2.15.
Analysis of enthalpy and entropy contributions to the transfer process reflects the 
different origins of the unfavourable (positive) Gibbs energy of the tetramer (entropy 
driven) relative to the hexamer ( enthalpy driven). For the calix[8]arene, the transfer is 
favourable (negative A^G0), and the process is enthalpy controlled The conclusion to be 
drawn is that the cyclic tetramer is better solvated in benzonitrile and therefore, reluctant 
to transfer to nitrobenzene.
An interesting feature of these results is that shown by the hexamer since its transfer to 
nitrobenzene occurs with heat absorption ( endothermic process) accompanied by a 
considerable gain of entropy. Therefore, specific interactions between the hexamer and 
the solvent are likely to occur.
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Table 2.14.- Thermodynamic parameters of solution of /?-fc/Y-butylcalix[n]arene 
(n=4,6,8) in benzonitrile at 298.15 K.
n -3solubility/ mol. dm A G° / kJ.mol1
s
A H°/ kJ.mol' 1
S
A S° / J.mol ' V
S
4 9.47 x 10 4a , 17.3 -14.2 ±3.7 -106
6 -3  b5.55 x 10 12.9 -23.7 ±2.0 -123
8 - 2  a1.14x 10 1 1 . 1 -45.9 ±5.1 -191
■ Ref. 1 b Ref. 2
Table 2.15. Thermodynamic parameters of transfer of/?-te/Y-butylcalix[n]arene (n=4,6, 
8) from nitrobenzene to benzonitrile at 298.15 K . 2
n = 4 n = 6 n = 8
AfG° kJ.mol1 
(PhN02—» PhCN)
7.34 3.48 -3.69
A^ H 0 kJ.mol1 
(PhN02—» PhCN)
0.47 1 1 .2 -16.80
AtS° J.K^.mol' 1 
(PhN02-> PhCN)
-23 26 -44
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2.6.2.2. Thermodynamic parameters of com plexation of p-tert-  
butylcalix[4]arene and terf-butyl amine in benzonitrile at 298.15 K
As mentioned in the introduction of this thesis, Bauer and Gutsche6 studied the
interaction of aliylcalix(4)arene with tert-butylamine using H^NMR and UV 
spectrophotometry in dipolar aprotic media (acetone and acetonitrile at 298.15 K). The 
processes considered by these authors are given in eq. 2.1. In this work, calorimetric 
studies were performed and two processes were considered.
i) The formation of the adduct (Ks) between the calixarene and the amine (R3N)
R3N(s) + Calix[4](s) -+L_> [R3NH+ -C a lix [4 ] - \s)
[ R y m J - C a l i x n^  
[R3NUCalix[ 4]]
ii) the formation of an endo-calix (Ken) complex.
[R3NH+ -C a lix [4 Y \s) *+> > endocalix
 [endocalix]------
[R3NH+ -  Calix[4Y]
The computer program developed for the treatment of data is shown in Appendix 3
Thermodynamic parameters for the processes given by eqs. 2.12 and 2.13 are shown in 
Table 2.16.
The overall constant Kt for the two processes is given by
Kt = Ks x Ken (2.14)
which expressed on the logarithm scale leads to
log Kt = log Ks + log Ken (2.15)
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Table 2,16. Thermodynamic parameters for the interaction of /?-/ert-butylcalix[4jarene 
and tert-butylamine in benzonitrile at 298.15 K.
log Ks A CG°/ kJ.mol" 1 A 0H°/kJ.mol" 1 AcSYJ.mol-iK" 1
Adduct 3.18+/-0.02 -18.1 +/-0 .1 -38.3 +/- 3.6 -96.1
log Keil AenG°/ kJ.mol" 1 A HVkJ.mol" 1en A0BS°/J.mol-1K - 1
Endocalix 2 .2 0  +/- 0 .0 2 -12.5+/- 0 .1 0.17+/-0.04 42.8
j
!
j
;
!
j
i
i
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Using log Ks and log Ken values given in Table 2.16 a log Kt value of 5.38 is calculated 
which seems to be reasonable and relatively close to the Kt value of 10 6 (log Kt=6.0) 
reported by Gutsche in acetonitrile. However, it must be emphasised that these values 
cannot be compared since different solvents are involved. This is particularly important 
in the field of calixarene chemistry where ligand-solvent interactions appears to play a 
very significant role.
It should be pointed out that the data treatment used in this work differ from that 
suggested by Gustche. This author assumes that the interaction between the calixarene 
and the amine takes place as described in eq. 2 .1
In this work, it was considered that the reaction likely to occur is as follows,
R3N (S) + Ca/nc[4](S) — + - > R3N +H —  C
Indeed, the results shown in Table 2.16 demonstrate that the experimental data fit into 
the proposed model as assessed from the calculated standard deviations.
As far as the thermodynamic parameters of adduct formation (Ks) are concerned, these 
values are similar to those reported for the interaction of amines with the cyclic octamer. 
(Table 2.6 ). The process is enthalpically controlled, and the loss of entropy may be 
partially due to the interaction of two components to give a single component.
The results shown in Table 2.16 demonstrate that the formation of the endo-calix 
complex is an endothermic process, which should be expected since energy is required to 
remove the solvent from the cavity. The positive entropy may be associated with the 
disorder produced by the removal of solvent from the hydrophobic cavity as the 
endocalix complex is formed.
2.6.3. T h erm odyn am ic p aram eters o f com p lexatio n  o f alkyl p - te r t-  
bu tylcalix[4 ]aren e-tetraeth an oates and alkali-m etal c a tio n s  in 
aceton itrile  and in benzonitrile.
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Functionalisation of the lower or upper rim of parent calix[n]aneres has led to a number 
of interesting derivatives which are known to interact with metal cations in solution.
Examination of the recent literature 33 on calixarenes clearly shows than in spite of the 
growing interest in the chemistry of calixarenes, since its initiation in the 1970’s, not 
much effort has been devoted to the thermochemical characterisation of the binding 
process involving these ligands and guest species . Following the statements made in the 
introduction of this thesis concerning the lack of a suitable method to measure high 
stability constants, the following gives a brief account of the scope and limitations of the 
techniques currently used to derive stability constant data.
There is a variety of experimental methods available for the determination of stability 
constants and these can be grouped in techniques that measure (physical) parameters that 
are i) proportional to the concentration and ii) proportional to the logarithm of 
concentration. In general; the techniques involved in the first group are suitable to 
determine stability constants lower than 1 0 5 - 10 6 while stability constants higher than 10 4 
can be measured by the second group of techniques
2.6.3.1. Techniques based on m easurem ents which are proportional to 
the concentration.
1 . C a l o r i m e t r y In this technique, the heat measured is proportional to the 
concentration of complex formed in solution . This technique can be used to 
determine ACH and Ks values. Limitations of the calorimetric method for the 
determination of stability constants lie in the magnitude of stability constants and 
complexation enthalpies.
2. Visible Spectrophotometry. UV spectrophotometry is based on the use of Beer- 
Lambert law and these measurements are dependent on the fact that when complex 
formation takes place, the absorption of the new species formed may be considered 
different from that of the reactants. In favourable cases, U.V and visible spectra 
enables a direct calculation of the concentration of new species. The 
spectrophotometer should be used to measure only small differences in absorbances
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for which inaccuracies on the scale of the instrument are of little importance and the 
errors caused by scattered light are minimal 34. This technique may be useful for 
compounds of low solubility since absorptivities are often large enough to allow 
concentrations of 10'5 mol.dm’3 to be studied. If the complex is too stable or too 
weak ( 1 > K > 106) the stability constant value cannot be determined by this method.
3. Nuclear Magnetic Resonance Spectroscopy This method is based on the changes in 
the chemical shift of the complex relative to that of the reactants. NMR 
measurements have been used for the determination of stoichiometry and stability of 
complexes. In doing so, two situations are found 35.
a.- For systems characterised by slow kinetics of cation or ligand exchange between 
the free and complexed states on the NMR scale (sufficient stable complexes), two 
separate group of lines (free ligand or cation and metal-ion complex) are observed..
b.- For systems characterised by low complex stability and fast exchange between free 
and complexed species, one time average spectra are observed.
In both situations, high stability constant cannot be determined.
4.- Conductimetry .- This method is based on the differences in the conductance 
properties of the metal-ion and its complex. For stable complexes, the magnitude 
of the stability constant for which this method is applicable depends on the lower 
limit of metal-ion concentrations which can be measured accurately relative to the 
difference in the conductance of the metal-ion (X M+ ).with respect to its complex
( £ m l+).
2.6.3.2. Techniques based on m easurem ents which are proportional to 
the logarithm of the concentration
Potentiometry. Potentiometry is one of the most accurate techniques for the 
determination of metal-ion activities even for cases in which very low concentrations are 
involved. Consequently, high stability constants can be determined by the use of this 
technique, provided that a suitable electrode which undergoes a reversible reaction with
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an appropriate metal-ion in solution is available. The silver/silver ion electrode fulfil this 
requirement
Another type of ion-selective electrode, using a concentration gradient across a 
membrane to generate the potential is the glass electrode. The Nernstian behaviour of 
the electrodes is limited to cation concentrations. Some examples on the pH precision 
required to measure low and high stability constants have been illustrated by Nancollas 
and Tomson36. High stability constants can often be measured potentiometrically using 
a competitive method involving one complexing agent and two metal cations, one of 
them is the metal-ion to which the electrode responds.
There are also other techniques which have been used to derive stability constant data 
such as polarography, chromatography, solubility and extraction measurements.
In the following section, thermodynamic aspects of cation complexation involving alkyl 
/?-fcr/-butylcalix[4]tetraethanoates in acetonitrile and benzonitrile at 298.15 K are 
discussed.
2.6.4. C alorim etric determ ination o f equilibrium  c o n s ta n ts  and 
en th a lp ie s  o f com p lexation  o f alkyl p-fe/t-butyl-calix[4]arene 
te tra e th a n o a te s  and alkali-m etal ca tio n s  in aceto n itrile  and in 
ben zon itrile  at 298.15 K.
Enthalpies (ACH°) and equilibrium constants (log Ks) for the complexation of methyl p- 
/e?Y-butylcalix[4]arene tetraethanoate (MeCalix[4]), ethyl fc/7-butylcalix[4]arene 
tetraethanoate (EtCalix[4]) and n-butyl /cvY-butylcalix[4]arene tetraethanoate (n- 
ButCalix[4]), (Fig. 2.3) and alkali-metal cations in acetonitrile and in benzonitrile at
298.15 K obtained calorimetrically (program KNLR3.BAS, Appendix 4 ) are listed in 
Table 2.17.
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O 0
R
O
0 = 0
4
OR
(a) (b)
Fig. 2.3. Structures of alkyl /?-te/7-butylcalix[4]arene tetraethanoates ;a)R=CH3, C2H5, 
n-C4H9 (b) structure showing the cone conformation.
In order to study any interference of the anion in the complexation process (e.g. 
interaction of the anion with the metal-ion complex) in acetonitrile, lithium triflate, 
lithium tetrafluoroborate; potassium iodide, and potassium tetraphenylborate were used. 
No significant differences were observed. The results are the average of at least four 
independent determinations,, v .......
The most relevant aspect to highlight is that no heat was detected in the calorimeter for 
the interaction of these ligands with some cations in acetonitrile (caesium and silver) and 
in benzonitrile (rubidium, caesium and silver). However, these findings do not provide 
evidence that no complexation occurs.
Calorimetric titration data for the complexation of alkyl (methyl, ethyl, n-butyl) p-lert- 
butylcalix[4]arene tetraethanoates with lithium and sodium in acetonitrile and 
benzonitrile show that stability constants are higher than 105. Therefore, these data 
cannot be accurately determined by the use of this technique.
In view of the uncertainty in the stability constant values for Li+ and Na+ in acetonitrile 
and benzonitrile; based on the work of Schneider29, a double competitive potentiometric 
method has been developed and this is discussed in the following section.
94
Chapter 2.- Calixarene Chemistry
Table 2.17.- Stability constants ( log Ks) and enthalpies for the complexation of alkyl p- 
fe/7-butylcalix[4]arene tetraethanoates and alkali-metal cations in acetonitrile 
and in benzonitrile determined by titration calorimetry at 298.15 K
MeCalix[4]
Acetonitrile Benzonitrile
log K ACH° kJ.mol*1 log K ACH° kj.mof1
Li+ 5.60 + 0.10 -37.80 + 0.80
Na+ 6.32 + 0.04 -63.00 + 0.50 6 .6 6  ± 0.05 -41.08 + 1.23
I<+ 4.01+0.03 -40.63 ± 0.70 
EtCalix[4]
2.70 + 0.07 -21.34 + 0.68
Li+ — — 5.73 + 0,41 -57.20+ 1.80
Na+ 6.49 ± 0.06 -69.20 + 0.96 ! 6 .6 6  + 0 .1 2 -50.70 + 1.10
K+ 4.04 ± 0.03 -45.75+0.45
n-ButCalix[4]
3.51+0.03 -23.21 ±0.86
Li 5.14 + 0.07 -46.30+ 1.00 5.51+0.14 -56.70 + 0.78
Na+ 6.47 + 0.04 -67.80+ 1.00 5.90 + 0.19 -50.70 + 1.33
K+ 2.05 + 0.03 -26.91 ± 1.54 3.48 + 0.06 -24.30 + 0.33
Rb+ 2.05+0.03 -11.67 + 0.20
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2.6.5. A  n ew  ind irect p otentiom etric m ethod for th e determ in ation  o f 
stab ility  c o n s ta n ts  o f  h ighly s ta b le  m etal-ion c o m p le x e s .
Potentiometric techniques are used in the determination of high values of equilibrium 
constants. Among the potentiometric techniques, pH titrations are commonly used. The 
stability constant is determined from the differences in pH observed in the acid-base 
titration of the ligand with and without the addition of metal cation. Calixarene esters do 
not have in their structure donor atoms capable to enter protonation and therefore, this 
method cannot be used for the determination of stability constants.
Schneider and co-workers29 developed a method for the determination of equilibrium 
constants of macrocyclic ligands (L) with metal cations (M+) in different solvents using a 
silver concentration cell, via measurements of the equilibrium constant for the following 
reaction
M L(s) + Ag+(s) <=> AgL+(s) + M+(s) (2 .16)
This method cannot be applied for the determination of stability constants of calixarene 
esters with alkali-metal cations because of the low or no complexation with silver in 
these solvents as checked by calorimetry and potentiometry using the silver electrode.
The double displacement method has four consecutive steps.
a)Calculation of E°of reference cell - An increase of the activity of silver ion is 
observed (Fig. 2.4).
b) Determination of the stability constant of silver cryptate (AgCry ) .- A decrease in 
the activity of silver ion (Ag+) was observed as a result of the formation of silver cryptate 
complex ,( Fig. 2.5 )
Ag+(S) + Cry(s) -> AgCry+(S) (2 .17 )
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c) Determination of the equilibrium constant of the alkali-metal cryptand 
. complex. (MCryf-. The formation of the alkali-metal cryptate produced an increase in 
the activity of free silver.(Fig. 2.6)
AgCry+(s) + M+(s> -» MCry+(S) + Ag+(S) (2.18)
d) Determination of the equilibrium constant of the alkali-metal calixarenate 
complex (MCalix) .- Addition of an excess of the calixarene ester derivative (Calix) 
shifted the alkali-metal cation from its cryptate. This free cryptand reacts with silver 
and therefore, a decrease in the activity of silver was observed .(Fig. 2.7)
MCry+(S) + Cx(S) —> MCalix+ + Cry
Ag+ + Cry —> AgCry+ (2 .19)
2.6.5.1. MATHEMATICAL TREATMENT USED FOR THE DETERMINATION 
OF EQUILIBRIUM CONSTANTS
a.- Calibration of the reference cell.- The activity of silver in each addition was 
calculated using a linear regression method. The concentration of silver is considered as 
an independent variable and the voltage readings as dependent variable. Thus, the 
standard electrode potential , E°, of the reference cell is calculated using the Nernst 
equation (eq. 2.20) where R, T, n and F are the gas constant, the temperature, the 
number of electrons in the half-reaction and the Faraday’s constant (9.648 x 104 Cmof1); 
respectively
RT
E = E- — log aAg,(2.20)
b.- Determination of the equilibrium constant of silver cryptate (KJ - The ionic 
strength was kept constant. Therefore, the concentrations can be considered as 
activities. Using the Nernst equation ( eq. 2 .20 ) the concentration (molar scale) of free
4-
silver, (Ag f), is calculated from eq, 2.21,
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, E °  - E
l0g‘V  = ASf 0.059 ( 2 .2 1 )
a • 4” a
The total concentration of silver ,[Ag ] is;
[Ag]t = Ag+f + [AgCry 3 ( 2 .2 2  )
Then,
[AgCry] = [Ag]t - Ag+f (2.23 )
the total concentration of cryptand, [Cry],t is
[Cry]t = Cry + [AgCry+] ( 2.24 )
Then , the concentration of free cryptand, Cry, is calculated from:
Cry = [Cry]t - [AgCry+] (2.25)
Eq. 2.26 was used to calculate the stability constant of the silver cryptate complex.
^ [AgCry+]K — - . .........-... (2.26)
Agf . Cry
c.- Determination of the equilibrium constant of sodium or lithium cryptate (K2)
Total concentration of silver [Ag]t, cryptand [Cry]t, and metal cation (sodium or lithium)
[M]t are given by eqs 2.27, 2.28 and 2.29; respectively,:
[Ag], = Ag+f + [AgCryl (2.27)
[Cry]t = Cry + [AgCry+] + [MCry'] (2.28)
[M]t = M + [MCry+] ( 2.29 )
+
In these equations, [MCry ] is the equilibrium concentration of the alkali-metal complex.
Using eq. 2.20, the concentration of free silver was calculated. Eqs. 2.27 and 2.30
98
Chapter 2.- Calixarene Chemistry
were used to calculate the concentrations of silver cryptate, [AgCry ], and cryptand, 
Cry; respectively.
O y M W l  (2.30)
*1 .Ag}
•f t
From eq. 2.28, [MCry ] is calculated. Using eq. 2.29; M can be determined . Thus, K2 
is obtained from eq. 2.31
[M C ryJ  
2 M .C ry
(I- Determination of the equilibrium constant of sodium or lithium and alkyl p- 
tertbutyl calix[4]arene tetraethanoate, K j
-3
The [Ag]t, [Cry]t, Mt and total calixarene concentrations ([Calix]t) in mol.dm are 
obtained from eqs. 2.32 -2.35
[Ag]t = Ag+f + [AgCry] + [MCry+] (2.32 )
[Cry]t = Cry + [AgCry+] + [MCry+] (2.33 )
[M]t = M + [MCry+] + [MCalix+] (2.34)
[Calix]t = Calix + [MCalix+] (2.35)
4* *
In eqs 2.34 and 2.35 [MCalix ] is the concentration of the sodium or lithium calixarenate
+ +
complex. [Ag ]p [AgCry ], Cry were determined in the same way as K2. Then, eq. 2.36 
was used to calculate M
M  = W Cry+] (2.36)
K2.Cry
+ #
[MCalix ] is calculated from eq. 2.34. With this value [Calix] is determined. Using eq.
2.37, K3 was found.
[M C alix*]
J [Calix] . [M]
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Equilibrium constant values were calculated using the computer program 
POTK123.BAS listed in Appendix 5. In order to obtain the optimum concentrations to 
be used in the electrochemical cell, simulation computer programs were developed.
Typical curves for the calibration of the cell (Fig. 2.4), determination of the stability 
constant of silver cryptate(Fig. 2.5), sodium cryptatate (Fig. 2.6) and sodium methyl p- 
ter/-butylcalix[4]arene tetraethanoate (Fig. 2.7) in acetonitrile at 298.15 K are shown.
2.6.5.2. Simulation program s
In these programs, graphs showing hypothetical titration curves for different K values 
are displayed. Concentrations and volumes of the titrant solution can be changed in 
order to obtain the best curve. The simulation programs used for the determinaton of Ki, 
K2 and K3 are listed in Appendix 6 . The Nernst equation was used to convert 
concentrations of free silver in voltages.
The simulation curves for the formation of the metal-ion cryptate at different values of 
log K2 (keeping constant log Ki) and for the complexation of a metal-ion calixarenate at 
different values of K3 (keeping constant log Ki = 9 and log K2 = 8 ) are shown in Figs. 
2.8 and 2.9; respectively.
100* ■
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-4,3 -4,2 -4,1 -4 -3,9 -3,8 -3,7
slope = 59.20 intercept = 120.96 regression = 0.9999
Fig. 2.4. Potentiometric curve for the determination of the standard potential of the cell 
in acetonitrile at 298.15 K.
0 2 4 6
Fig. 2.5. Potentiometric titration of silver and cryptand 222 in acetonitrile at 298.15 K
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0 0,5 1 1,5 2
Fig. 2.6. Potentiometric titration of silver cryptate with sodium perchlorate in 
acetonitrile at 298.15 K.
0 1 2 3 4 5 6  7
Fig. 2.7. Potentiometric titration of sodium cryptate with methyl 
butylcalix[4]arene tetraethanoate in acetonitrile at 298.15 K.
p-tert-
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-50 
- 1 0 0  
-150 
- 2 0 0  
^  -250 
-300 
-350 
-400 
-450
log K2=4 
- B -  log K2= 5 
—A— log K2=6 
—x— log K2= 7 
— log K2=8 
—• — log K2= 9 
—t— log K2= 10
ml 222
Fig. 2.8. Simulation potentiometric curves for the determination of stability constant for 
metal-ion cryptate complex ( log Ki = 9 ) at 298.15 K.
- 1 0 0  
-150 
- 2 0 0  
% -250 
-300 
-350
Volume of calixarene ester (ml)
—♦ - -log ii
co*
-log K3=5
-log
CDiico*
-log K3=7
-log
03iico*
-log K3= 9
Fig. 2.9. Simulation potentiometric curves for the determination the stability constant 
of the metal-ion calixarenate ester complex ( log Ki = 9, log K2 = 8 ).
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2.6.5.3. Stability constants of alkyl p-ter t-butylcalix[4]arene
tetraethanoates with sodium  and lithium ions in acetonitrile and 
benzonitrile at 298.15 K.
Table 2.18 lists stability constants (expressed as log Ks) of alkyl /?-fer/-butylcalix[4]arene 
tetraethanoates ( methyl; ethyl; n-butyl;) and lithium and sodium cations in acetonitrile 
and benzonitrile at 298.15 K derived from the double competitive potentiometric 
method. Data for alkali-metal cryptate (cryptand 222; 222 or cryptand 22; 22 ) in these 
solvents required for the evaluation of Ks for calixarene esters and metal cations are also 
included in Table 2.18. The standard deviations in log Ks are calculated from
* = E K *  -  x)2 I ( n -  1) ]1/2 . For comparison purposes, published data for cryptand
222 and these metal cations in acetonitrile 37 and benzonitrile 38,39 are included in Table 
2.18. Except for lithium and cryptand 222 in benzonitrile, good agreement is found 
between these two set of data. As far as cryptand 22 is concerned, log Ks values for 
silver and sodium in benzonitrile at 298.15 K are first reported. The data shown in Table 
2.18 for lithium and calixarene esters reflect that stability constants for these systems 
determined by different methods are in close agreement. However, as the magnitude of 
log Ks increases to values which are outside of the scope of these techniques such as 
spectrophotometry, calorimetry and to some extent conductimetry, considerable 
differences are often found between the results obtained by these methods and those 
derived from potentiometry . This statement is illustrated by the data for the 
[Na+Etcalix[4]] complex in acetonitrile which differs by more than 2 log units from that 
obtained potentiometrically. However, the agreement found between the log Ks values 
determined by the double competitive potentiometric method using two different 
cryptands reinforces previous statements regarding the versatility of this method for the 
determination of equilibria data involving highly stable complexes.
This new approach can be applied to other systems in which the first ligand has high 
affinity for silver while the second ligand has low or no affinity for this cation. For the 
particular case of highly stable metal-ion complexes of calix[n] arene esters, the outcome 
of this research leads us to state that, so far, this is the most suitable method available at 
present.
\  104
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Thermodynamic parameters of complexation $  alkali-metal cations and calixarene esters 
in acetonitrile and benzonitrile are shown in Table 2.19. In cases where the stability 
constants data derived from different methods are available ( see Table 2.18) an average 
of log Ks is taken for the calculation of the Gibbs energy of complexation . All the 
standard enthalpies have been measured calorimetrically ( Table 2.17).
As far as the ligands are concerned, the results show that as the electron-donating effect 
of the alkyl group increases in moving from the methyl to the ethyl and the rc-butyl 
derivative, making the carbonyl oxygen of the ester more electronegative, their 
interaction with metal cation increases. Thus, the highest stability enhancement is 
brought about by replacing the methyl by the ethyl ester and to a lesser extent in moving 
from the latter to the «-butyl derivative. It seems appropriate at this stage to discuss the 
implications of these results on the selectivity of alkyl p-tert-butyl calix(4)arene 
tetraethanoates for alkali-metal cations in these solvents. Thus, by taking the ratio of 
stability constants40 in the appropriate solvent, a quantitative assessment on the selective 
properties of a given ester for a metal cation with respect to another can be made. The 
results are shown in Table 2.20. Thus, in acetonitrile, the methyl ester is more selective 
for sodium than for lithium; potassium and rubidium . Substitution of methyl by ethyl or 
n-butyl groups increases the ability of these ligands to selectively recognise sodium with 
respect to lithium (~ 30); potassium (2.4 x 10 )^ and rubidium (4.6 x 10 )^. In 
benzonitrile, the most dramatic change observed with respect to acetonitrile is that found 
for sodium relative to potassium.
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Table 2.19. Thermodynamic parameters for the complexation of alkali-metal cations and 
alkyl (methyl, ethyl, n-butyl) p-tert-butyl calix(4)arene tetraethanoates in 
acetonitrile and in benzonitrile at 298.15K
MeCalix[4]
Acetonitrile
Cation log Ks ACG° ACH° ACS°
kJinoI-1 kJinol"1 JKmol
Li+ 5.61+0.03 -32.02+0.07 -37.80+0.80 -19.4
Na+ 6.97±0.02 -39.79+0.05 -63.00±0.50 -77.8
K+ 4.01±0.03 -22.89±0.07 -40.63±0.70 -59.4
Rb+ 2.25° -12.84° -9.89° 9.9°
Benzonitrile
Li+ 5.45+0.03 -31.11+0.07 -47.02° -53.4
Na+ 6.78+0,04 -38.70+0.10 -41.08+1.23 -8.0
K+ 2.70+0.07 -15.41+0.17 -21.34+0.68 
EtCalix[4]
Acetonitrile
-19.9
Li+ 6.20+0.05 -35.39+0.12 -48.78a -44.9
Na+ 7.68+0.08 -43.81+0.20 -69.20+0.96 -85.1
K+ 4.04+0.03 -23.06+0.07 -45.75+0.45 -76.1
Rb+ 2.05°
(1.90)b
oof—Ht -23.34°
Benzonitrile
-39.0°
Li+ 5.49+0.22 -31.34+0.55 -57.20+1.80 -86.7
Na+ 7.57+0.02 -43.27+0.05 -50.70+1.10 -24.9
K+ 3.51+0.03 -20.04+0.07 -23.21+0.86
n-ButCalix[4]
Acetonitrile
-10.6
Li+ 6.21+0.01 -35.45+0.02 -46.30+ 1.00 -36.4
Na+ 7.67+0.03 -43.78+0.07 -67.80+ 1.00 -80.6
K+ 4.38 + 0.01 -25.00 + 0.02 -46.30+ 1.00 -71.4
Rb+ 2.05+0.03 -11.67+0.20 -26.91 ± 154 
Benzonitrile
-51.02
Li+ 6.09+0.02 -34.76+0.05 -56.70+0.78 -73.6
Na+ 7.44+0.03 -42.47+0.07 -50.70+1.33 -27.6
K+
a Ref. 23
3.48=b0.06 
b Ref. 41
-19.86+0.15 
° Ref. 43
-24.30+0.33 -14.9
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Fig. 2 .1 0 . Effect of the alkyl group on the stability of lithium and sodium complexes in 
acetonitrile and benzonitrile at 298.15 K.
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Table 2.20.- Selectivity of alkyl /?-fe/Y-butylcalix[4]arene tetraethanoates for metal 
cations (S]^a m) in dipolar aprotic media at 298.15 K.
Acetonitrile
Cation MeCalix[4] EtCalix[4] nButCalix[4]
Li+ 23 30 29
Na+ 1 1 1
K+ 912 4.4 . 103 1.95 . 103
Rb+ 5.24 . 104 4.3 . 10s 4.2 . 105
Benzonitrile
MeCalix[4] EtCalix[4] nButCalix[4]
Li+ 21 23 22
Na+ 1 1 1
K+ 1.2 . 104 1.2 . 104 9.1 . 103
o K [Na+Calix]
N a+ ,M + ~  K ----------- (2  38)[.M +Cal.ix]
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As far as the solvent is concerned, stability constants (hence Gibbs energies) listed in 
Table 2.19 show that in both, acetonitrile and benzonitrile, the same selectivity pattern is 
observed with the net result of maximum stability for sodium with a monotonic decrease 
from sodium to rubidium in acetonitrile and to potassium in benzonitrile. In terms of 
enthalpy, the contribution of this term to the Gibbs energy of the process is dominant 
relative to the entropic contribution to the extent that in acetonitrile, the pattern found in 
enthalpies is almost mirrored in the Gibbs energies. Thus, the greatest entropy losses are 
found for the complexes of highest stabilities as reflected in the data shown in Table 2.19 
for sodium and the various calix(4)arene esters in acetonitrile. In benzonitrile, the 
enthalpy term is again dominant; however, there is a definite size effect as far as 
enthalpies are concerned with the highest stability for lithium and the lowest for 
potassium.
In order to study the effect of the solvation of the ligand in the complexation process, 
solution thermodynamics of alkyl p-tert-butylcalix[4]arene tetraethanoates in acetonitrile 
and benzonitrile are discussed in the following section.
2.6.5.4. Enthalpies of solution of alkyl p-tert-butylcalix[4]arene 
tetraethanoates at 298.15 K
Ligand-solvent interactions play a important role in complexation processes involving 
macrocyclic ligands . Unlike crown ethers, in calixarene chemistry, the hydrophobic 
cavity situated between the benzene rings able to interact with organic solvents confers 
interesting properties to these macrocycles. Therefore, for the purpose of useful 
interpretation of the complexation process in a given medium, solution studies of alkyl p- 
fc/Ybutylcalix[4]arene tetraacetates were carried out. Solution enthalpy data for the 
calixarene esters in acetonitrile and benzonitrile (Table 2.21) reflect that as expected for 
non-electrolytes, these are not dependent on concentration. Therefore, the standard 
enthalpy of solution of these macrocycles in these solvents are the average of the 
enthalpies given in Table 2.21.
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Table 2.21. Enthalpies of solution of alkyl-/?-te/7-butylcalix[4]arene tetraethanoates in 
benzonitrile and acetonitrile at 298.15 K.
Benzonitrile
MeCalix[4] EtCalix[4] nButCalix[4]
c ASH c ASH c ASH
mol. dm'3 kJ.mol'1 mol. dm'3 kJ.mol'1 mol. dm"3 kJ.mol'1
5.08. 10'4 17.4 9.6. 10'4 13.5 7.6. 10'4 12.8
6.76. 10'4 17.9 12.6. 10"4 13.8 9.2. 10‘4 11.6
9.40. 10'4 17.6 17.5. 10'4 14.3 11.8. 10'4 12.0
10.82. 10'4 17.2 19.8. 10'4 14.2 12.8. 10'4 12.2
ASH° 17.5 + 0.3 ASH° 14.0 + 0.4 ASH° 12.2 + 0.5
Acetonitrile3
2.90. 10'4 24.7 1.90. 10'4 23.6
4.64. 10'4 25.3 2.62. 10'4 17.5
5.80. 10'4 24.9 4.02. 10'4 23.4
6.42. 10'4 25.2 5.61. 10'4 14.2
6.82. 10'4 22.5
ASH° 25.0 + 0.3 ASH° 20.8 + 3.2
a These data have been corrected for the heat of breaking of empty ampoules
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Table 2.22 lists enthalpies of solution of calix[4]arene esters in acetonitrile and 
benzonitrile and their derived enthalpies of transfer from acetonitrile at 298.15K. These 
results show that these ligands are enthalpically more stable in benzonitrile than in 
acetonitrile and suggest that the interaction of calix[4]arene esters is stronger with the 
former relative to the latter solvent. Solution enthalpies of calixarene esters in acetonitrile 
and in benzonitrile are all endothermic in the order MeCalix[4] > EtCalix[4] > 
nButCalix[4]. This could be partially explained by the negative enthalpy resulting from 
the interaction of the alkyl group of the ester with the solvent.
Thermodynamic parameters of solution of ethyl and n-butyl /?-fc/7-butylcalix(4)arene 
tetraethanoates in acetonitrile at 298.15K are listed in Table 2.23. The results show 
that the process is entropically controlled .
Due to the extensive solvation of these ligands when exposed to an atmosphere of 
benzonitrile , the standard Gibbs energy of solution in this solvent could not be 
calculated. Nevertheless, these observations are useful since it can be concluded 
(although in qualitative terms) that benzonitrile is a better solvating medium for this 
ligand than acetonitrile.
Medium effects on the formation of the lithium and sodium complexes of p-tert- 
butylcalix[4]arene tetraethanoates are best analysed by considering the solvation 
properties of the species involved . Thus, using enthalpy data for the transfer from 
acetonitrile (AN, reference solvent) to benzonitrile (BN) for the free salts and the ligand 
and the complexation data in these solvents (Table 2.24), the thermodynamic parameters 
of transfer of the alkali-metal calixarene ester complex salts from acetonitrile to 
benzonitrile were obtained using the following cycle44
A g V o  v
M (an)+ C10’4(an) + EtCalix[4](AN) [MEtCalix[4] ](an) + CIO 4(an)
AtHc AtH° AtH°
NH°{bn)
M (b n )4" CIO 4(b n ) + EtCalix[4](BN) [MEtCalix[4] ] ( b n >+ CIO 4(b n >
A t H O ( M E t c a l i x [ 4 ] C 1 0 4 ) = A t H O ( M C 1 0 4 ) +  A t H ° ( E t c a U x [ 4 ] ) + A c H ° ( B N ) - A c H 0 ( A N )  ( 2,39 )
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Table 2.22. Solution enthalpies ( kJ.mol *) of alkyl p-/er/-butylca!ix(4)arene 
tetraethanoates in acetonitrile and benzonitrile and derived enthalpies of 
transfer from acetonitrile at 298.15 K.
calixarene esters Acetonitrile Benzonitrile AtH°(AN ->BN)
MeCalix(4) 25.0 + 0.3 17.5 + 0.3 -7.5
EtCalix(4) 22.7 a 14.0 + 0.4 -8.7
nButCalix(4) 20.8 + 3.2 12.2 + 0.5 -8.6
a Ref. 42
Table 2.23. Thermodynamic parameters of solution of ethyl and n-butyl p-iert- 
butylcalix(4)arene tetraethanoates in acetonitrile at 298.15 K.
calixarene esters ASG° kJ.mol'1 ASH° kJ.mol'1 AsS° J.m ol'iK'1
EtCalix[4] 13.91a 22.7b 29.5
nButCalix[4] 11.56* 20.8 31.0
aRef. 45 b Ref. 42
113
Chapter 2 Calixarene chemistry
Thus AtH° values for lithium, sodium and potassium /?-te/7-butylcalix[4]arene 
tetraethanoate perchlorate salts were calculated using eq 2.39. Details are given in 
Table 2.24.
Enthalpies of solution of [Li*EtCalix[4]C104‘] and [Na+EtCalix[4]C104’] electrolytes in 
acetonitrile and benzonitrile were reported by Danil de Namor and co workers46. The 
values of enthalpy of transfer from acetonitrile to benzonitrile for the lithium and 
sodium complexes reported by these authors are -1.25 and 21.92 kj.mol"1; respectively. 
Considering the number of steps involved in the derivation of transfer data, a good 
agreement between the values obtained from the thermodynamic cycle (eq. 2.39, Table 
2.24) and those reported from solution measurements is found.
The enthalpy of transfer data (Table 2.24) shows that as far as the free and complexed 
ligands are concerned; the most dramatic change occurs with the sodium complex. The 
relative higher enthalpy of solvation of the alkyl-ester derivative in benzonitrile relative 
to acetonitrile is reversed for the complexed cation. These observations could indicate 
that specific interaction occurs with the sodium complex in acetonitrile.
The differences in enthalpies of complexation in acetonitrile and benzonitrile can be 
analysed using eq. ( 2.40 )
A „H ° (a n )-  A cH ° (BN) =  A ,H ° (mcio4)+ AiH°(Etc»1ix[4I) -  A tH ° (ME,ca,ix|4lc,04) (  2 40  }
For the potassium salt the enthalpy of transfer of the ligand is similar to the complexed 
cation salt. Therefore; the differences in the enthalpies of complexation in these solvents 
are largely influenced by the changes in the solvation of potassium salt in these media. 
This may partially explain the gain in entropy observed for this cation upon complexation 
with the alkyl calixarene ester in acetonitrile (Table 2.19).
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Table 2.24. Calculation of transfer enthalpies of lithium, sodium and potassium tert- 
butyl calix[4]arene tetraethanoate perchlorate salts using a thermodynamic 
cycle44 from acetonitrile to benzonitrile at 298.15 K. The units are kJ.mol' 1
Metal
Cation
ACH°
ANa
ACH°
BNa
AtH°
calix[4]b
AtH°
MC104
AtH
[M+Calix[4]]C104] e
Li+ -37.8 -47.0
MeCalix[4]
-7.5 15.9° -0.8
Na+ -63.0 -41.1 -7.5 6.9c 21.3
K+ -40.6 -21.3 -7.5 -18.2d -10.4
Li+ -48.8 -57.2
EtCalix[4]
-8.6 15.9° - 1.1
Na+ -69.2 -50.7 -8.6 6.9° 16.8
K+ -45.8 -23.2 -8.6 -18.2d -6.4
Li+ -46.3 -56.7
n-ButCalix[4]
-8.6 15.9 C -3.1
Na+ -67.8 -50.7 -8.6 6.9C 15.4
K+ -46.3 -24.3 -8.6 -18.2d -5.8
• Table 2.19; b Table 2.22; c Ref. 46 d Calculated from Refs. 3 5 and 39; 
e Calculated using eq. 2.39
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Inspection of enthalpic data for sodium contrasts with those for potassium. The 
enthalpies of transfer of the ligand almost cancel that of the metal-ion. Therefore, the 
increase in the exothermic behaviour on the complexation of sodium and calixarene ester 
is almost entirely due to the higher enthalpic stability of the sodium-alkyl ester complex 
in acetonitrile relative to benzonitrile.
As far as lithium is concerned, the transfer of lithium complexes salts are close to zero. 
Therefore, the differences in enthalpies of complexation in these solvents are due to the 
differences in solvation of the calixarene and the metal-cation salt. However, the 
enthalpies of transfer of the ligand is by far compensated by that for the metal-ion salt.; 
Thus, the higher negative enthalpy values of complexation observed in benzonitrile 
relative to acetonitrile are due to the higher enthalpy of solvation of lithium in 
acetonitrile.
Concluding; unlike cryptands38, in calixarene esters , the solvation of the macrocycle, the 
metal-ion, and the resulting complex has to be considered in the interpretation of cation 
complexation processes involving these ligands.
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2.7. Conclusions
The presence of a hydrophobic cavity formed by the benzene groups confers especial 
characteristics to this group of macrocyclic ligands. Thus, thermodynamic studies on p- 
/er-/butylcalix[4] arene and te/7-butyl amine interactions in benzonitrile suggest the 
formation of an endo-complex with this amine.
Thermodynamic parameters of transfer of /?-te/7-butylcalix[n]arenes (n= 4, 6, 8) from 
nitrobenzene to benzonitrile shows the different origin of the unfavourable (positive) 
Gibbs energy of the tetramer (negative entropy) to the hexamer (positive enthalpy). As 
far as the octamer is concerned this macrocycle is better solvated in benzonitrile than in 
nitrobenzene.
The enthalpy of solution of calixarene esters in acetonitrile and benzonitrile are 
endothermic in the order MeCalix[4] >EtCalix[4]>n-ButCalix[4] suggesting that the 
differences in enthalpy may be attributed to the interaction of the alkyl group of the ester 
moiety with the solvent on going from the methyl to the n-butyl derivative.
A new double competition potentiometric method for the determination of highly stable 
metal-ion complexes of calixarene esters has been successfully developed. The 
agreement found between log Ks values using silver electrodes for Na+ MetCalix[4] and 
Na+ n-ButCalix[4] using two different cryptands reflects the versatility of this method. 
This method can be applied to other systems in which the first ligand has high affinity for 
Ag+ while the second has low or no affinity for this cation.
Thermodynamic studies of complexation of alkali metal-ions and alkyl p-terl- 
butylcalix[4]arene tetraethanoates shows that,
1 . As the electron-donating effect of the alkyl group increases in moving from the methyl 
to the ethyl and the n-butyl derivative, the interaction with the metal-cation increases. 
The highest stability enhancement observed by replacing the methyl by the ethyl ester 
and to a lesser extent in moving from the latter to the «-butyl derivative.
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2. In benzonitrile and in acetonitrile, the calixarene esters are more selective for Na+.
3. The enthalpy contribution to the Gibbs energy is dominant relative to the entropic 
contribution. Indeed, in acetonitrile, the pattern found in enthalpies is almost mirrored 
in the Gibbs energies of complexation.
4. In calixarene esters , the solvation of the macrocycle, the metal-ion, and the resulting 
complex has to be considered in the interpretation of cation complexation processes 
involving these ligands.
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Chapter 3 EDTA derivatives
3.1. INTRODUCTION
In this chapter the synthesis, characterisation of amido derivatives of the 
ethylenediaminetetraacetic acid (EDTA) and their interaction with metal cations will be 
discussed. A general review about EDTA and its related ligands is first given.
3.1.1. Ethylenediaminetetraacetic acid (EDTA)
In 1935, the German chemist, Munz, patented the compound known as EDTA. 
Subsequently, the remarkable affinity of this compound for calcium1 was discovered. 
Commercial use of EDTA in the textile industry was soon found, as an agent for 
preventing the precipitation of calcium in water used in the manufacture of fibres. The 
calcium disodium salt (Versene CA) was later used as a food additive to the extent that 
in the USA, permission was given for many food products to include CaNa2EDTA at 
levels ranging from 75 to 275 ppm1.
EDTA is a hexaprotic molecule; containing four carboxylic groups which are attached to 
an ethylenediamine bridge. The structural formula (H4L) in its zwitterionic form is 
shown in Fig. 3.1
■ O O C - H ^ x + /  x  f CH2 -C O O
N N
OOC— H^ C H H/X CH2-COO
Fig. 3.1. Structure of EDTA (H4L)
EDTA has six protonation constants which correspond to the following processes;
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-ooc—np
-OOC— H,C
•ooc— h 2 c n 
-ooc— h2c
ch2—coo 
‘ N7 +  H*
CH->—COO-
■ \  ch 2 -c o o -
X + H +
H CH2 -COO-
-OOC— Hp^ ^ ^  + CH2— COO-
X N
-OOC— H p  XH H CH2 --COO-
+  H+
HOOC— Hp^ ------ ^  + CH2 -COO-
X X + H+
-OOC-^HjC H H CH2-C O O
k 2
-OOC— H2C ,N r
•OOC— H p  /
•OOC— h 2c v +
CH2—COON +/ *
N
H NCH2-C O O
,ch 2  -COO'y<~n
A  A
•OOC— h2C h h ch 2 -co o -
HOOC— H p v +
A
, CH2 —COO-
A
-OOC— H P  h h ch 2 -c o o -
HOOC— HoC , .--------v CH2-COOH
/N H
•OOC— H P H H CH2 —coo-
(3 .1 )
(3 .2 )
(3 .3 )  
( 3.4 )
H 00C — H2C + /  x  + c h 2- co o h
. A  X +
OOC— H2C H H CH2— COO
HOOC— H p x ^ x  + CH2— COOH 
>
HOOC— H p  nh H ch2- c o o
+  H+
KS
K6
h o o c — h2c CHo-COOH
A  AHOOC— h2c h h ch 2- c o o -
h o o c— Hp  .------x  + c h 2- co o h
A  A
HOOC— H p  h  h c h2- c o o h
(3 .5 )
(3 .6 )
Stability constants and derived Gibbs energies, enthalpies and entropies of protonation 
of EDTA in water at 298.15 K are given in Table 3.13
In many complexes EDTA engulfs the metal ion forming a six coordinate metal-ion- 
EDTA complex (Fig. 3.2).
Fig. 3.2. X ray crystallographic structure o f  [Mn2+ EDTA]
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Table 3.1. Stability constant (log Kp) and derived Gibbs energies , enthalpies and 
entropies of protonation of EDTA in water at 298.15 K (0.1 mol.dm'3 ionic 
strength )3
Process logKp APG°
kJ.mol' 1
APH°
kJ.mol' 1
APS°
J.mol'VK' 1
eq. 3.1 10.19 -58.16 -23.43 116.5
eq. 3.2 6.13 -34.99 -17.57 58.4
eq. 3.3 2.69 -15.35 5.44 69.7
eq. 3.4 2.00 -11.42 1.26 42.5
eq. 3.5 1.5 -8.56 2.09 35.7
eq. 3.6 0.0 0 0.84 2.8
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In this structure, the metal ion is octahedrically co-ordinated to the two nitrogen atoms 
occupying adjacent positions and to four carboxyl oxygens. There is considerable strain 
in the chelate rings2; which is relieved when the ligand’s oxygens are drawn back towards 
the nitrogen atoms. Such distortion opens up a seventh coordination position which can 
be occupied by a water molecule as shown in Fig. 3.3. In some cases, such as 
Ca(EDTA)(H20 )2’2 the metal ion is eighth co-ordinated (Fig. 3.4) due to its large size.
Fig. 3.3. Seven-coordinate geometry of Fe(EDTA)(H20 )' complex4
Fig. 3.4. Eight-coordinate geometry of Ca(EDTA)(H20 )2’2 5
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The coordination number (CN) of a particular EDTA complex depends4 primarily on the 
charge and size of the central metal ion. In Fig. 3.5 most of the metal-EDTA complexes 
whose structures have been determined by X-ray analyses are classified, as a function of 
the metal-ion size and CN. Those which are above each line for a particular CN have 
spherical symmetric or non-directional, electronic configuration. The two lanthanoid 
complexes are placed above the line for CN=8, because their partially-filled f-orbitals are 
practically non-bonding.
Wf' f t '  I ' f t  ' I ■ I- —l- C6
C<7* CrfMn3* Ni^Cu^CoH 10
. I f  f i l i n g *  ,
0.7 Os^ Y5' Ti3’ Co2-
> Cd2*
J--- 1— ----------»- 7
H L
./ft
Zfr  Yb3*^ 3* , Ca2*-T-----1----- 1---- ri T- <----- 1—-H- 8
0.8 0.9
Fig. 3.5. Classification of some EDTA complexes as a function of the coordination 
number and metal-ion size4
Fig. 3.5 reflects that, in general terms the higher is the charge on the metal ion and the 
larger is its size, the greater is the CN that it takes. The CN’s of EDTA complexes 
depend also on their electronic configuration. Thus, metal ions which have spherically 
symmetric electronic configurations and unable to reach crystal field stabilisation, form 
complexes with a CN greater than 6 provided that their ion sizes are sufficiently large to 
tolerate such coordination numbers.
3.1.2. Analytical applications of EDTA
EDTA is by far, the most widely used chelator in analytical chemistry. By direct titration 
or through an indirect sequence of reactions, virtually every element of the Periodic 
Table can be analysed with EDTA. For a titration reaction to be effective, complexation 
must go “to completion”. The reactions are influenced by the pH of the solution; thus, in
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acidic solutions (pH 1-3), ter- and tetravalent metal ions are able to form very stable 
complexes with EDTA. Therefore, these metal ions can be titrated without interference 
from divalent cations. In the pH range from 5 to 6, most divalent cations (except the 
alkaline-earth) are complexed. Alkaline-earth complexes of EDTA with relative low 
stabilities, can be titrated in aqueous alkaline medium, at pH 10 or above.
In EDTA titrations, detection of the end point with the use of metal ion indicators is 
common practice. The most widely used technique to detect the end point in EDTA 
titrations is to use a metal-ion indicator which is a compound whose colour changes 
when it binds to a metal ion6. For an indicator to be useful, its interaction with the metal 
cation should be weaker than EDTA. Most metal-ion indicators are also acid-base 
indicators. Because the colour of the free indicator is pH dependent, these can be used 
only within certain pH range. Solutions of azo-indicators ( compounds with -N=N- 
groups) such as Eriochrome Black T, Pyridylazonaphtol (PAN), Murexide and 
Calmagite deteriorate rapidly and should probably be prepared each week. Murexide 
solution should be prepared daily. For an indicator to be useful in the titration of a 
metal-ion, this must give up its metal ion to EDTA. If a metal-ion does not freely 
dissociate from an indicator, the metal cation is said to block the indicator. Eriochrome 
Black T is blocked by Cu2+, Ni2+, Co2+, Cr3+, Fe3+ and Al3+. It cannot be used for the 
direct titration of any of these metals. It can be used in back titrations. For example, an 
excess of an standard solution of EDTA can be added to Cu+2. Then, the presence of the 
indicator, the EDTA in excess is back-titrated with Mg2+.
Other alternatives are potentiometric methods using mercury, glass (pH) and ion- 
selective electrodes.
3.1.3. Applications of EDTA type ligands in everyday consumption.
EDTA-type chelating agents are used in everyday consumption. Metal ions like iron, 
calcium, zinc, etc. are greatly altered chemically when they are chelated by an 
aminopolycarboxylic agent like EDTA. These cations are converted to anions and their
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chemical properties are changed.7. Some applications of EDTA type ligands in everyday 
consume products are detailed in the literature7.
It was observed that EDTA shows slow biodegradation to CO2 in soils and sediments 
under aerobic conditions by microorganisms in mixed liquid culture. EDTA chelates of 
Cu(II), Cd(II), Zn(II), Mn(II), Ca(II) and Fe(III) were equally degraded, while Ni(II) 
complex was degraded more slowly8. Due its low biodegradation, EDTA is present in 
sewage effluents, fresh water and ground water. Therefore, EDTA is thought to remove 
absorbed or precipitated heavy metals from river sediments or aquifers9.
3.1.4. Applications of EDTA type ligands in medical science.
Chelating agents are not only used in the medical field to remove toxic elements from the 
body. They are also used in non-invasive diagnostic medicine to carry either y-emitting 
or paramagnetic cations to specific parts of the body or in the manipulation of nucleic 
acids, a process which facilitates fragmentation into designated sequences of nucleotides. 
As antimetabolites, chelating agents might find uses in the chemotherapy of protozoa, 
viruses, microorganisms and cancer 10.
3.1.4.1. Ethylenediamientetraacetic acid (EDTA).
One of the early uses of EDTA was to solubilize lead from the body tissues and convert 
it to the highly soluble and easily extracted lead-EDTA complex11. As EDTA forms 
stable complexes with a number of physiological important cations, it might be expected 
to mobilise these cations when used to treat toxic metal poisoning. The disodium salt of 
EDTA (called disodium edetate in the pharmaceutical industry) is commonly a 
component of many eye drops and contact lens wetting and cleaning solutions. It is used 
to prevent precipitates and maintain clarity. More importantly, EDTA is used to prevent 
the development of resistance to many common antibacterial compounds11.
3.1.4.2. Diethylenetriaminepentaacetic acid (DTPA).-
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DTP A is a more suitable agent than EDTA for removing many toxic metals. This ligand 
is used in patients suffering from iron intoxication ((3-thalassaemia, or Cooley’s 
anaemia)12. The superiority of DTP A over EDTA for polyvalent cations such as the 
lanthanides and the actinides arises from the potential octadenticity of DTPA as opposed 
to the hexadenticity of EDTA
HOOC—HoC CHo-COOH
N N
HOOC—H2C ch2- cooh
EDTA
Fig. 3.6. Structures of EDTA and DTPA
HOOC— HoC
HOOC— H2C CHo I 2 COOH
DTPA
CH2“COOH 
CH, -COOH
3.1.4.3. Other polyaza polyacetic ligands
Interest in the coupling of polyaza polyacetic ligands to macromolecules for use in 
nuclear medicine resulted in the synthesis of l-(/?-aminophenyl)- 
ethylenediaminetetraacetic acid and related chelating agents (Fig. 3.7).
NH,
( a )
CH,I 2ch2
HOOC— J  x CH2-COOH
>  HHOOC— H2C CB, - COOH
( b )
Fig. 3.7. Structures of a) l-(p-aminophenyl)-ethylenediaminetetraacetic acid, and (b) 1- 
(p-aminobenzyl)-ethylenediaminetetraacetic acid .
3.1.4.4. Derivatization of polyaza polyacetic ligands
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The first organic derivative of DTPA to be screened for medicinal application was the 
pentaethylester of DTPA13 (dtpape) ( Fig. 3.8). Although superior to DTPA in 
removing plutonium from mice, this derivative was too toxic for further use10.
0 9II
H £2— O—C—B £ x /  \  /  \  /CHz-C— O— Cy-fe
N N N 
Kp2— O - C -  Hfi CH, CH, -C -O -C sH j
0  C = 0  o
I
o
Q r t
dtpape
Fig. 3.8. Structure of dtpape
A program of derivatization of EDTA and its analogues as antitumor agents began at the 
Imperial Cancer Research Fund Laboratories, London, over three decades ago. These 
investigations led to the development of (±)l,2-bis(3,5-dioxopiperazin-l-yl)propane 
(ICRF159) available as the antitumor agent Razoxane. . The compound ICRF154 was 
found to have high potency in screening trials against L 1210 and sarcoma 180 but not 
activity against experimental tumours (Fig. 3.9)
O
C -H A
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Fig. 3.9. Structures of (a)ICRF-154 and (b) ICRF-159.
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0
3.1.4.5. Polyaza polyacetic ligands as water proton relaxation agents for 
NMR imaging14.
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The development of nuclear magnetic resonance imaging (MRI) techniques as a clinical 
diagnostic modality has prompted the need for a new class of pharmaceuticals called 
MRI contrast agents . These are paramagnetic substances which aim to provide contrast 
between diseased and normal tissue and/or show the statues of organ function and blood 
flow 15. The signal of water protons, which mainly determines the image intensity in *H 
NMR imaging is dependent on nuclear relaxation times. Complexes of paramagnetic 
transition and lanthanide ions have received considerable attention as potential contrast 
agents. These are detected indirectly by virtue of changes in proton relaxation 
behaviour. Metal complexes based agents are currently used.
Thus, [Gd(DTPA)(H20)]2' and [Gd(D0TA)(H20)] are representative examples where 
the presence of charged groups such as carboxylates and the lack of large hydrophobic 
groups ensure minimum interaction with the components of plasma and membranes. 
These complexes find applications in the imaging of kidneys due to renal excretion. 
These agents are mainly used for the detection of cerebral capillary breakdown or the 
enhancement of tissues with an increased extracellular volume.
EHPG12 iron complex [Fe(EHPG)'] is representative of an NMR hepatobiliary agent 
because this ligand induces the biliary excretion of Fe(III). The anionic complex shows 
octahedral coordination to the metal through the carboxylate and amino groups.16 The 
complex has a high degree of lipophilicity and human serum albumin (HSA)14 binding 
affinity. It has been proposed that [Fe(EHPG)'] and bilirrubin IXa may share a common 
binding site on HSA, and they may have common chemical and excretory behaviour in 
vivo. In Fig. 3.10 the structures of DOT A and EHPG are shown.
Other paramagnetic metal-ion complexes proposed as contrast agents include HBED12, 
PLED12, lactone derivatives of EDTA17 , PEPAIS, HEHA18, TETA, 15-DTP Al9-en and 
16-DTPA-en 19 (Fig. 3.11), DTPA and EDTA bis(amide) ligands20 (Fig. 3.12).
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O 0
DOTA
Fig. 3.10. Structures of DOTA and EHPG.
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Fig. 3.11. Structure o f  some ligands proposed as contrast agents.
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Fig. 3.12. Structures of DTP A and EDTA bis(amide) ligands
3.1.4.6. EDTA derivatives as sequence specific nucleic acids cleaving 
molecules.
The sequence dependent recognition of nucleic acids by proteins and small molecules is 
important in the regulation of many biological processes. A large class of these 
molecules are bifunctional in nature, combining a chemically reactive moiety with DNA 
bonding units (intercalator) 21 as shown in the scheme below,
L — M  <— >
DNA cleaving molecule
L — M
Fig. 3.13. Scheme showing the intercalation of a cleaving molecule into DNA; ftp#  is 
the intercalator22.
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Derven and coworkers22 reported the synthesis of a bifunctional molecule 
methidiumpropyl-EDTA (MPE) (Fig. 3.14) which contains the DNA intercalator 
methidium covalently bound by a short hydrocarbon chain to EDTA. In the presence of 
Fe(II) and oxygen (0 2) (concentrations 1/100 of EDTA-Fe(n>), this reagent efficiently 
produces single and some double-strand breaks in the double helical structure of DNA. 
In the presence of dithiothreitol (DTT, a reducing agent) MPE-Fe(n) (10‘4 mol.dm'3) 
cleaves DNA as efficiently as bleomycin ( naturally ocurring compound with antitumor 
properties). It was suggested that DTT regenerates Fe(II) from Fe(III) to produce a 
continuous source of active metal ion. Unlike bleomycin, MPE-Fe(n) cleaves DNA non­
sequence specifically. Like for DNA, this molecule was used to cleave ribosomal 
RNA23.
Fig. 3.14. Structure of methidiumpropyl-EDTA iron (II) (MPE)
This work was expanded 24 to the synthesis of distamicyn-EDTA (DE), (Fig. 3.15); and 
its iron (II) complex, DE-Fe(n) . The latter shows higher cleaving specificity than 
bleomycin . Modification fo the DE-Fe(n) molecule led to bis (Fe(n)-EDTA distamicyn) 
fumaramide (BEDF-Fe(n))25 (Fig. 3.15) which has the property of exclusive dimeric 
bonding, recognising eight-nine contiguous base pairs of Adenine-Thymine in a rich 
double helical DNA structure.
3.1.4.7. EDTA type macrocyclic complexes of lanthanides in 
radioimmunotherapy.
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The use of monoclonal antibodies (Mabs) able to enter strong interaction to tumor- 
associated compounds (antigens) is an important feature of modern medical technology. 
Clinical diagnosis or therapy15 makes use of these antibodies as specific carriers for the 
transport of imaging cytotoxic agents to tumors.
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r JLv >  jH r
V  a  la
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F o -, _ . , HU—
NH NH
0
HI0 -'N'ch3
(a) ( b )
Fig. 3.15. Structures of (a) distamicyn-EDTAFe(II) and (b) bis(Fe(U)-EDTA-distamycin) 
famaramide (BEDF-Fe(n)).
Due to the realisation that acyclic chelates were not adequate for radioimnuno therapy 
because (although stable in serum at pH 7.2) these are protonated at lower pH (e.g. in 
liver and stomach) and are susceptible to dissociation26’, macrocycles were considered. 
Representative examples are the C-functionalized macrocyclic ligands shown in Fig. 
3.16. These are covalently attached to the monoclonal antibody B-72.3 and radiolabeled 
with 64Cu, 11 ^ n, or 90Y are able to form kinetically stable complexes in vivo 26,27.
When this ligand was used as a hapten on a carrier protein (antibody) inmunocity has 
been reported in patients. This allergic reaction can lead to serum sickness-like 
reactions28. Therefore, further evaluation is required for the use of other ligands.
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?OH
O
TETA
Fig. 3.16. Ligands used to prepare kinetically stable in vivo, radionuclide-chelates 
conjugated to Mabs.
Since this chapter is mainly concerned with EDTA derivatives ( acyclic) and their metal- 
ion complexes, the following is an overview of the research already done in this area.
3.1.5. Complexation of acyclic EDTA type ligands with metal ions.
Several acyclic EDTA type ligands have been synthesised and their complexing 
properties studied3 . Equilibrium constants and enthalpies of complexation of 
representative EDTA type ligands (Fig. 3.17) with Co2+, Ni2+ , Cu2+ , Zn2+ , Cd2+ and 
Pb2+ in water are listed in Tables 3.2 and 3.3; respectively. The dissociation constants of 
the ligands (pKa) are also reported in these tables.
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Fig. 3.17. Structures of some EDTA type ligands.
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Table 3.2. Dissociation (pKa) and stability (log Ks) constants of EDTA derivatives (Fig. 3.17) 
and metal cations in water at 298.15 K (0.1 mol.dm'3 ionic strength )3,
'°g,K» -
2+ ry 2+Ligand t r Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+
1 pKa] =8.38“ 
PKa2 = 4.37“
5.40" 6.50“ ! 8.49“ ! 4.74“ 7.04“
2 * pKai = 8,80“
pKa2 = 4.34“
5.96“ 7.25 “ 9.36“ 5.67“ 7.73“
3 pKa, = 8.84“ 
pKa2 = 4.35 “
6.33“ 7.65“ 9.75“ 6.09“ 7.80“
4 pK„=9.69b 
pIQr=6.72b 
pKa3= 2.37 b 
pKa4= 1.86 b
11.25 13.65 16.2 11.22 8.99
5 pK,i = 9.69 
pKa2 = 6.56 
pKa3 = 2.72 
pKa4 = 2.1
14.06 16.79 18.36 13.49° 10.8° 12.7°
6 pKal = 9.46 
pKa2 = 6.81 
pKa3 = 4.25 
pKa4 = 3.28
10.43 12.77 14.80 10.25 8.76 8.62
7 pKai = 7.37 
pKa2 = 4.38 
pKa3 = 3.51 
pKa4 = 2.87
10.47 10.68 11.23
8 pKal = 9.93 
PKa2 = 9.00 
PKa3 -  6.67 
pKa4 = 3.48 
pKa5 = 1.55
15.54 17.5 18.9 14.71
9 pKai = 12.46 
pKa2= 11.00 
pKa3 = 8.32 
pKa4 = 4.64
19.89 19.31 21.38 18.37 17.52 18.24
10 pKal = 9.81 
pKn2 = 5.37 
pKa3= 2.6
14.5 17.1 17.5 14.6 13.1 15.5
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continuation
Ligand Hf Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+
11 1 pKai = 10.84 
pKa2 = 6.20
17.3° 19.6C 19.8° 17.3° 17.6° 18.9°
12 pKal= 11.00d 
PKa2= 6.06d 
pKa3= 3.06d 
pKa4= 2.10d
18.03d 20.5d 18.18d 19.27d
13 PKal = 9.60d 
pKa2 = 5.42d 
pKa3 = 3.2 l d 
PKa4 = 1.87d
16.2d 18.69d 16.02d 15.95d 17.3d
14 pKal= 10.42d 
pKa2= 6.09d 
PKa3= 2.69d 
pKa4= 1.8d
15.93 18.76 16.04 15.26 16.46
i 15 pKal=10.09d 
PKa2= 7.48d 
PKa3= 2.44d 
pKa4= 1.87d
12.07 18.25 18.88
16 pKai = 12.3 
PKa2 = 6.12
19.58 20.2 21.92 19.35 19.84 20.24
17 pKa, = 10.39 
pKa2 = 7.96
15.52 18.07 18.82 15.23 13.83 13.70
18 pKa] = 10.58 
pKa2 = 8.98
15.64 17.27 17.25 14.99 11.98 10.47
19 pKal= 10.19 
pKa2 = 6.13 
PKa3 = 2.69 
pKa4= 2.00 
pKa5 = 1.50 
pKa6 = 0.00
16.26 18.52 18.70 16.44 16.36 17.88
20 pKai== 10.45 
pKa2= 8.53 
pKa3= 4.28 
pKa4= 2.65 
pKaS= 1.82
19.15 20.17 21.38 18.29 19.90 18.66
a) ionic strength; 0.5 mol.dm'3 b) ionic strength; 1.0 mol.dm'3 c) ionic strenglt^ 0.2 
mol.dm'3 d) 293.15 K
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Inspection of Table 3.2 leads to some correlations between structure and complexation
of EDTA type ligands and metal cations which are discussed as follows;
• The addition of alkyl groups to the ethylene bridge of EDTA leads to metal-ion 
complexes of higher complex stability than that for the parent compound and the same 
cations. Such increase in stability must be partially due to the inductive effect of the 
added alkyl group but the major contribution appears29 to be attributed to a decrease 
in the barrier for rotation from the trans form of EDTA (which minimizes steric 
hindrance and electrostatic repulsion between the acetate groups) to the skew form 
required for complexation.
• The replacement of carboxylic by CH2OH groups in the structure of EDTA, produces 
a decrease in metal-cation complex stability indicating that the carboxylic groups are 
active sites in the complexation process involving metal cations. However, complex 
stability is favoured by the addition of alkyl groups to the a  carbon of the alcohol. 
Conversely, complex stabilities with metal cations are weakened by the addition of the 
same groups (alkyl) to the a-carbon of the carboxylic groups in EDTA.
• A decrease in complex stability with metal cations is observed when the CH2-COOH 
groups of EDTA are replaced by H.
• As the bridge size increases in going from ethylene to butylene ( five to seven 
membered chelate ring; respectively) the stability of the metal-ion complex of the 
ligand decreases.
• Cation complexation is weakened by functionalisation of the carboxylic groups in 
EDTA with glycine.
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Table 3.3. Enthalpies of protonation, APH°, of EDTA derivatives (Fig. 3.17) and 
enthalpies of complexation, Ac,H°, with metal cations in water at 298.15 K 
(0.1 mol.dm'3 ionic strength). Data in kJ.mol' 1 3
ACH°-
Ligand Temperature
(K)
I f Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+
4 298.15 APH°, =-31.4 
ApH°2 = -30.5
-24.3 -41.8 -25.5 -22.6
! 10 298.15 ApH°i = -28.0 
APH°2 = -13.0 
ApH°3 = 4.6
-27.2 -43.1 -39.3 -35.1 -43.1 -52.7
16 298.15 APH°, = -28.0 
ApH°2 = -8.8
-11.7 -22.6 -25.5 -7.9 -31.0 -47.7
17 293.15 APH, =-21.8 
APH2 = -18.4
-10.9 -28.0 -32.2 -9.6 -22.6 -26.8
18 293.15 APH, = -24.3 
APH2 = -24.3
-6.7 -29.3 -27.2 -14.6 -12.1 -20.5
19 298.15 APH°, = -23.4 
ApH°2 = -17.6 
ApH°3= 5.4 
ApH°4 = 1.3 
APH°5 = 2.1 
ApH°6= 0.8
-17.9 -32.9 -35.5 -21.5 -40.3 -54.2
20 298.15 APH, =-33.5 
APH2 = -18.0 
APH3 = -6.3 
APH4= -3.3 
ApH5= 2.1
39.3* 49.0* 56.9* 36.8* 51.9* 78.7*
* 293.15 K
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Table 3.4. Gibbs energies (ACG°; kJ.mol"1), enthalpies (AcH°, kj.mol'1) and entropies 
(ACS°, J.mol'fK'1) of complexation of EDTA derivatives and metal cations in 
water at 298.15 K.
HOOC—HA
,N
ch2- cooh
0  H
EDDA
Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+
ACG° -64.2 -77.9 -92.5 -64.1 -51,3
ACH° -24.3 -41.8 -25.5 -22.6
ACS° 133.9 121.2 129.3 96.3
hooc-~ h2c ch2- oooh
N N
HO— HA“  H2C CH2-OOOH
HEDTA
ACG° -82.8 -97.63 -99.9 -83.4 -74.8 -88.5
ACH° -27.2 -43.1 -39.3 -35.1 -43.1 -52.7
ACS° 186.4 182.9 203.3 161.8 106.3 120.1
HOOC— HA
HOOC— HA
ch2- oooh
CH2-COOH
CDTA
HOOC— f+C 
HOOC—HA
O +-C 00H
N N
CHg-OOOH
EDTA
ACG° -111.8 -115.3 -125.14 i o Ln -113.3 -115.6
ACH° -11.7 -22.6 -25.5 -7.9 -31.0 -47.7
ACS° 335.7 311.0 334.18 344.0 275.9 227.6
ACG° -92.82 -105.7 -106.8 -93.85 -93.4 -102.1 '
ACH° -17.9 -32.9 -35.5 -21.5 -40.3 -54.2
ACS° 251.29 244.3 239.0 242.67 179.1 160.6
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Taking into account the availability of stability constants and enthalpies of complexation 
at 298.15 K, Gibbs energies and entropies were derived. Thus, thermodynamic 
parameters of complexation of EDTA derivatives with metal cations in water at 298.15 
K are listed in Table 3.4. From this table it follows that,
• With the exception of Cd2+ and Pb2+, the exothermic character of the complexation 
process involving EDDA and HEDTA and metal cations is greater than that for 
EDTA. However, the process is entropically more favoured for the latter relative to 
the former ligands. This behaviour is likely to be attributed to a greater desolvation of 
EDTA (four carboxylic groups) upon complexation with metal cations with respect to 
HEDTA (three carboxylic groups) and EDDA (two carboxylic groups). Therefore, 
the higher stability observed for metal-ion complexes of EDTA relative to the other 
two ligands (EDDA, EDTA) results from a higher entropic contribution from the 
former relative to the latter ligands.
• As far as CDTA and EDTA are concerned, the complexation process with metal- 
cations in water for the former ligand is enthalpically (more negative) and entropically 
(more positive) more favoured than for the latter ligand. Again, the entropic 
contribution is responsible for the higher stabilities of the CDTA-metal ion complexes 
relative to EDTA complexes. The skew conformation required for complexation with 
metal cations is already present for CDTA while for EDTA to adopt this 
conformation ,rotation of the carboxylic groups is required resulting in an entropy 
decrease for the latter with respect to the former ligand.
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3.2. Aims of the present work.
The literature survey presented in the preceding section on EDTA derivatives 
demonstrates that the wide range of applications of these ligands in the fields of 
analytical chemistry, biology and medicine as well as in many industrial processes are 
based on the ability of these derivatives to interact with metal cations in solution. 
However, there are few thermodynamic studies involving the complexation of EDTA 
derivatives and metal cations despite that these parameters are suitable reporters of 
solvating changes that reactants and products undergo upon complexation. Thus, the 
Gibbs energy provides information regarding the extent of interaction and consequently, 
the selective properties of a ligand for a metal-cation relative to others. However, to 
gain information regarding the enthalpic and entropic contributions to the stability of the 
metal-ion complex, these parameters should be known since the former reflects the 
formation and breaking of bonds in the binding process while the entropy provides 
information regarding solvation changes upon complexation.
With the introduction of two aminopyridyl groups, EDTA has four additional 
coordinating groups, the amino groups and the nitrogens of the aromatic rings. Pyridyl 
groups are present in several complexing ligands for example syw-phenyl 2- 
pyridylketoxime. This ligand forms an orange-yellow chelate complex with gold (III) 
and this property is used for the spectrophotometric determination of gold (III)30. 
Among the aminopyridines available, 2-aminopyridyl was selected; the proximity of the 
aromatic nitrogen to the coordinating atoms of EDTA opens the possibility for the 
formation of five membered chelates with the participation of the carbonyl group.
Therefore, the aims of this work are summarised as follows,
1. Synthesis and characterisation of EDTA derivatives containing amide groups in their 
structure, namely ethylenedinitrilo-N,N5 -diacetic-N,N’ -bis( 1 -phenylethylacetamido) 
acid (edtamba), and ethylenedinitrilo-N,N’-diacetic-N,N’-bis(2-pyridylacetamido) 
acid (edtapa).
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2. Determination of the protonation constants of these derivatives in water with the view 
of assessing their acid-base properties since these data will provide the basis to 
establish the different species in solution at the various pH’s. This information is most 
relevant for the selection of the optimum conditions under which complexation studies 
with metal cations can be carried out without the competitive effect of the proton. 
These investigations will be complemented by determination of the enthalpies in order 
to obtain detailed information on the thermodynamics of the protonation process in 
water at 298.15 K.
3. The extent of interaction between EDTA derivatives and metal cations in water and 
the factors which contribute to the stability of the metal-ion complexes will be 
assessed from the thermodynamics of complexation of these systems in this solvent 
and metal cations available in the literature.
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3.3. Experimental.
3.3.1. List of Chemicals and their abbreviations.
The chemicals used in this research, their abbreviations and sources are listed under each 
particular aspect of the research described in this chapter.
3.3.1.1. Synthesis of EDTA derivatives.
• Ethylenediaminetetraacetic dianhydride; 4,4’-ethylene-bis(2,6-morpholine). 
(EDTAanh), Aldrich Chemical Company.
• (±) a-methylbenzylamine, Lancaster Synthesis Ltd.
• 2-Aminopyridine, Lancaster Synthesis Ltd.
• 4-Dimethylaminopyridine ( DMAP), Lancaster Synthesis Ltd.
• Formic acid, BDH.
• Calcium hydride, Lancaster Synthesis Ltd.
• Dichloromethane, Fisons
3.3.1.2. Complexation Studies.
• Cadmium (II) nitrate tetrahydrate; Cd(N0 3)2.4H20 , Aldrich Chemical Company.
• Lead (II) perchlorate; Pb(Cl04)2,. Johnson Mathey.
• Cobalt (II) perchlorate hexahydrate ; Co(Cl04)2.6 H20, Aldrich Chemical Company.
• Cupper(II) perchlorate hexahydrate; Cu(Cl04)2 6 H20, Aldrich Chemical Company.
• Nickel (II) perchlorate hexahydrate; Ni(Cl04)2.6 H20., Aldrich Chemical Company.
• Zinc (II) perchlorate hexahydrate; Zn(Cl04)2. 6 H20, Aldrich Chemical Company.
3.3.1.3. Standardisation of metal solutions.
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• Ethylenediaminetetraacetic acid disodium salt, volumetric standard ( EDTA ) 0.0499 
mol.dm'3, Aldrich Chemical Company
• Eriochrome Black T, Aldrich Chemical Company.
• Triethanolamine, Aldrich Chemical Company.
• Hydrochloric acid, Fisons.
• Ammonium hydroxide, Fisons.
• Murexide, Aldrich Chemical Company.
• Sodium Chloride, Fisons.
• Fast sulphon Black F, Sigma.
3.3.1.4. Potentiometric and calorimetric studies.
• Potassium perchlorate; ( KC104 ), Aldrich Chemical Company.
• Sodium hydroxide ( NaOH) 0.1 mol.dm*3, BDH.
• Hydrochloric acid ( HC1). 0.1 mol.dm'3, BDH.
• pH buffers 4.00 ± 0.02 and 7 ± 0.02, Roussel
• Tris(hydroxymethyl)aminomethane; ( THAM, TRIS), Aldrich Chemical Company.
• Water, distilled and deionised.
3.3.1.5. 1H NMR studies.
• Tetramethylsilane (TMS), Aldrich Chemical Company.
• Deuterated chloroform; ( CDCl3), Aldrich Chemical Company.
• Deuterated dimethylsulphoxide (DMSO-de), Aldrich Chemical Company.
3.3.1.6. Infrared studies.
• Potassium Bromide; ( KBr), BDH.
3.3.2. Purification of solvents.
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Dichloromethane was refluxed with CaH2 for several hours and then distilled; only the 
middle fraction of the solvent was collected.
3.3.3. Synthesis of EDTA derivatives.
3.3.3.1. Preparation of ethylenedinitrilo-N,N’-diacetic-N,N’-bis(1- 
phenylethylacetamido) acid (edtamba), and ethylenedinitrilo-N^’- 
diacetic-N,N’-bis(2-pyridylacetamido) acid (edtapa).
These ligands were synthesised by reacting the appropriate amine with EDTA anhydride 
using DMAP (4-Dimethylaminopyridine). Formic acid was used as the catalyst.
In a typical experiment, EDTA anhydride ( 2 mmol), the appropriate amine ( 4 mmol), 
DMAP (0.20g) formic acid ( 0.2 ml) and dichloromethane ( 50 m l) were stirred at room 
temperature for two days. The solid product was filtered and washed several times with 
dichloromethane.
Edtamba was purified twice by dissolving it with NaOH followed by precipitation with 
HCl. The product was washed with water and dried under vacuum at 90°C for two 
days.
Edtapa was recrystallised from water. The white product was dried at 90°C under 
vacuum.
The sodium salts of edtamba and edtapa were prepared by neutralization of these 
ligands with 2 moles of NaOH in methanol.
The ligands were characterized by a) !H NMR measurements carried out on a Bruker 
300 MHz spectrometer, b) IR using a Fourier Transformer Infrared (FTIR) Perkin Elmer 
spectrometer c) microanalysis carried out at the University of Surrey.
3.3.4. Potentiometric Measurements
The potentiometric titrations were performed using a titration system consisting of a 
Camlab digital potentiometer , a pH electrode (Aldrich), an ABU 12 Radiometer
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autoburette and a water-jacketed titration vessel. The vessel was kept at 25.0 ± 0.1 °C 
by using a constant temperature circulating bath (Grant). During the titrations, nitrogen 
was bubbled through the titrate solution. The pH meter was standardized at pHs 4.00 
and 7.00 using the appropriate buffer solutions. All equilibria calculations were 
performed with use of a MINIQUAD computer program31,32. Data points in the buffer 
region (from 20 to 80 % of reaction) were used for the calculation of stability constants.
3.3.4.1. Determination of ionization constants.
The determination of ionization constants were carried out at constant ionic strength 
(0.10 mol.dm'3 KCIO4). The potentiometric cell was filled with an accurate amount of 
ligand and a solution of KCIO4 (40 ml, 0.1 mol.dm'3). The concentrations of ligands 
used were between 1.2 - 1.3 x 10'3 mol.dm'3 The solutions were left to equilibrate for a 
period of about 15 minutes.
For the determination of the ionization constants of edtamba, the disodium salt of this 
ligand was used instead of the neutral ligand since this is slightly soluble in water. An 
aqueous solution of the ligand was titrated with standardized HC1 until the diprotonated 
form of the ligand was obtained. Then, the resulting solution was back titrated with a 
standard solution of NaOH.
For measurements of ionization constants of edtapa, the neutral ligand and the disodium 
salt were used. The former was titrated with NaOH 0.1092 mol.dm'3. The sodium salt 
was treated as described for edtamba.
Acid and base solutions were stored in plastic containers under a nitrogen atmosphere.
3.3.4.2. Determination of stability constants of complexation of edtamba 
and edtapa and metal ions in water at 298.15 K.
Potentiometric titrations were carried out at constant ionic strength (0.1 mol.dm'3 
KCIO4). The sample solution was prepared using an accurate amount of ligand; 
potassium perchlorate solution (0.1 mol.dm'3, 40 ml) and aqueous solutions containing
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the metal ion salts (1 ml) so equimolar concentrations of ligand and metal-ion salt were 
used (1.25 x 10*3 mol.dm'3 ) An additional amount of standardized HC1 was added to the 
titration mixture so that the ligand would be in the diprotonated fj$rm in solution. After 
a period of 15 minutes, the solution was titrated with a standard solution of NaOH.
3.3.4.3. Standardization of aqueous solutions of HCI and NaOH.
The solutions of HCI and NaOH were standardised potentiometrically using THAM for 
the former and standarised HCI for the latter.
In a typical experiment, THAM (0.50002 g) and water ( ~40 ml) were placed in the 
potentiometric cell and the resulting solution was titrated with HCI .
The solution of NaOH was analysed with a standard solution of HCI. The base (1 ml) 
delivered from the autoburette was titrated with HCI . The end point of the titration was 
found by a graphical method (first and second derivatives)33,34.
3.3.5. Calorimetric studies
The interaction of edtamba and edtapa with the proton and metal cations was 
investigated by titration calorimetry using the Tronac 450 isoperibol calorimeter 
previously described ( Chapter 2). The experiments were carried out at constant ionic 
strength using 0.10 mol.dm"3 KCIO4.
3.3.5.1. Enthalpy of protonation of edtamba and edtapa in water at 298.15 
K.
An aqueous solution of the ligand (50 ml; 0.0018 mol.dm'3) contained in the calorimetric 
vessel was titrated with an aqueous solution of HCI (0.1003 mol.dm'3) contained in a 
syringe. The total heat measured was corrected for the heat of dilution of the titrant. 
Heats of dilution were carried out by adding the same amount of HCI used during a 
reaction experiment to 50 ml of an aqueous solution of constant ionic strength.
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3.3.5.2. Determination of the enthalpy of complexation of edtamba and 
edtapa with metai cations in water at 298.15 K.
An aqueous solution of ligand (50 ml, 0.00170 mol dm'3) placed in the calorimetric 
vessel was titrated with an aqueous solution of the metal cation (0.1 . mol.dm'3) contained 
in the syringe. The heat of dilution of the metal-ion solution was determined by adding 
the same amount of titrate used for the reaction experiment to an aqueous solution of 
constant ionic strength
3.3.6. Standardisation of the metal-ion salt solutions.
Solutions of lead (II), cobalt (II), copper (II), nickel (II) and zinc (II) perchlorates and 
cadmium (II) nitrate (100 ml, 0.0500 mol.dm'3) in water used in the determination of the 
thermodynamic parameters of complexation ( potentiometric and calorimetric titrations) 
were standardised with an aqueous solution of EDTA (0.0499 mol.dm'3) delivered from 
the autoburette.
3.3.6.1. Standardization of the aqueous solution of Copper (II) 
perchlorate.35
The copper solution was standardized by direct titration with EDTA using Fast Sulphon 
Black F as indicator.
The indicator solution was prepared by dissolving Fast Sulphon Black F (0.25 g) in 
water (50 ml) and concentrated ammonia solution (2.5ml, 14.5 mol.dm0). This method 
is only applicable to solutions containing up to 25 mg of copper ions in 100 ml of water. 
If the concentration of the metal ion is too high, the intense blue colour of the Cu2+- 
amine complex masks the colour change at the end point.
The copper solution (1.00 ml) was pipetted and placed in a conical flask to which water 
(100 ml) was added. Concentrated ammonia solution ( 2.5ml ) and the indicator (3 
drops) were added. The resulting solution was titrated with a standard EDTA solution 
until the colour of the solution changed from purple to dark green.
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3.3.6.2. Standardisation of the aqueous solution of Nickel (il) perchlorate36
The metal ion was determined by direct titration with EDTA using Murexide as 
indicator. Nickel (II) forms yellow complexes with murexide in alkaline solution. The 
titration was carried out at pH 10 using a NH4OH/NH4CI buffer solution.
The indicator was prepared by grinding murexide ( 0.1 g ) in NaCl (lOg).
The buffer solution (pH 10) was prepared from ammonia ( 0.1 mol.dm'3 ) to which HC1 
was added until the required pH was read on a potentiometer .
Nickel (II) solution (0.800 ml) was placed in a conical flask to which water was added 
(50 ml ). This was followed by the addition of buffer pH 10 ( 4 ml ) and the indicator 
(»50 mg ). The resulting solution was titrated with an aqueous EDTA solution until the 
colour of the solution changed from yellow to violet.
3.3.6.3. Standardisation of the aqueous solution of Cadmium (li) nitrate37
A solution of the metal-ion salt was titrated with EDTA using Eriochrome Black T as 
indicator. The titration was carried out at pH 10 using a NH4OH/NH4CI buffer solution.
The indicator was prepared by grinding Eriochrome Black T ( 0.1 g ) in NaCl (10 g).
The Cadmium solution ( 1.00 ml) was pipetted and placed in a conical flask to which 
water (100 ml) was added. Buffer solution ( 3 ml ) and the indicator (~50 mg) were 
added. The resulting solution was titrated with a standard EDTA solution until the 
colour changed from red to blue1.
3.3.6.4. Standardisation of the aqueous solution of Zinc (II) perchlorate.35
A solution of the metal-ion salt was titrated with EDTA using Eriochrome Black T as 
indicator. The method is applicable for solutions containing not more than a few 
milimoles of zinc per litter of solution. For strongly acidic solutions, neutralisation with 
NaOH is first required.
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The indicator solution was prepared by dissolving Eriochrome Black T (0.05g) in 
triethanol amine (25 mi).
The zinc solution ( 2.10 ml ) was placed in a conical flask containing water (~50 ml), 
buffer pH 10 (5 ml) and the indicator solution (5 drops). The resulting mixture was 
titrated with EDTA. The end point was indicated by a sharp colour change from red to 
blue.
3.3.6.5. Standardisation of the aqueous solution of Cobalt (II) 
perchlorate.35
Cobalt was determined by back titration with Zn(II) using Eriochrome Black T as 
indicator. The method is based on the addition of an excess of a standard EDTA 
solution to a solution containing cobalt(II). The remaining EDTA was then titrated with 
a standard Zn(II) solution in the presence of Eriochrome Black T indicator. The titration 
was carried out at pH 10.
Cobalt solution ( 0.800 ml) was placed in a conical flask to which water (~50 ml), an 
excess of EDTA 0.0499 mol.dm'3 ( 1.4 ml) , the buffer pH 10 (5ml) and the indicator ( 
«50 mg) were added.. The resulting solution (blue colour) was titrated with a standard 
Zn(II) solution until the colour changed to red.
3.3.6.6. Standardisation of the aqueous solutions of lead (II) perchlorate 35
Lead was determined by back titration with EDTA using Eriochrome Black T indicator. 
The determination was carried out by using an excess of EDTA solution; the excess was 
titrated with a standard Zn(II) solution. The indicator was prepared by grinding 
Eriochrome Black T (0.01 g) and sodium chloride (2 g)
The solution containing the metal-ion salt ( 0.800 ml) was placed in a conical flask, water 
( 50 m l), an excess of EDTA 0.0499 mol.dm'3 ( 1.20 ml) ,buffer pH 10 ( 5ml) and the 
indicator (» 50 mg) were added. The resulting blue solution was titrated with a standard 
zinc solution until the colour changed to wine red.
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3.4. Results and Discussion
The presentation and discussion of the results will be divided in four parts. These are:
1. Synthesis and characterisation of edtamba, and edtapa.
2. Thermodynamics of protonation of edtapa and edtamba in water at 298.15 K.
3. Thermodynamics of complexation of these ligands with some transition metal cations.
Thermodynamic parameters were derived from potentiometric and calorimetric data. 
The calibration of the calorimeter was previously discussed in Chapter 2.
3 .4 .1 . S y n th e s is  o f e d ta m b a  a n d  e d ta p a  a n d  c h a ra c te r is a t io n  by 
m ic ro a n a ly s is , 1H NMR, a n d  FT IR.
Amides can be prepared by the reaction of a carboxylic acid anhydride with a primary or 
a secondary amine using an acid as catalyst. The rate and the extent of the reaction 
depend on the nucleophilicity of the amine and the acylating properties of the anhydride. 
Very weakly basic amines react very slowly with anhydrides, and special conditions are 
necessary for an efficient preparation of the amides. The presence of electron- 
withdrawing groups in the anhydride enhances the electrophilicity of the carbonyl group 
increasing the reactivity of the anhydride.
The ligands, edtamba and edtapa (c) were synthesised by the reaction of the EDTA 
anhydride (a) with the respective amine (b)
O,
CH+ljjr-OH 
O OO O
( a ) ( b ) ( c )
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The EDTA derivatives synthesised are shown in Fig. 3.18.
(2)
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Fig. 3.18. Structures of edtamba (a) and edtapa (b).
'N '
The ligands were characterised by microanalysis and NMR.
3.4.1.1. Microanalysis data.
Microanalysis data was carried out at the University of Surrey. Results are as follows, 
edtamba, calculated % C; 62.64; H, 6.87; N, 11.24; found % C, 62.53; H, 6.94; N,
11.28. edtapa, calculated % C; 54.03; H, 5.44; N, 18.91; found % C, 53.99; H, 5.44; 
N, 18.90.
Microanalysis results show good agreement with the calculated values for the proposed 
structures of these ligands.
3.4.1.2. 1H NMR Characterisation.
lH NMR data for edtapa in DMSO- d6 at 298 K are shown in Table 3.5 and Fig. 3.19. 
The chemical shifts were assigned taking into account the signals of EDTA and 2 -amino 
pyridine reported in the literature38. The amide proton shows a sharp signal at 10.31
157
Chapter 3 EDTA derivatives
ppm. The aromatic protons show several peaks reflecting the non-equivalence of these 
protons. Protons on carbons 6 and 7 have almost identical chemical shifts, the protons at 
lower field were attributed to the acetyl group (Fig. 3.18).
NMR of edtamba in DMSO-d6 at 298 K is shown in Table 3.6 and Fig. 3.20. ]H 
NMR chemical shifts of edtamba show the expected signals for this compound. The 
NH proton exhibits a signal consisting of two lines due to the coupling of this proton 
with that on carbon 2. The proton in carbon 2 is coupled with those from NH and CH3 
producing the split of this signal in five peaks..
3.4.1.3. IR characterisation
The infrared spectra of edtapa ( Fig. 3.21) and edtamba (Fig. 3.22) show several 
absorption bands. The wavenumbers and the functional groups assigned are summarised 
in Tables 3.7 and 3.8; respectively.
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Fig. 3.19. lH NMR spectrum of edtapa in d6 DMSO at 298.15 K.
Fig. 3.20. *H NMR spectrum o f edtamba in do DMSO at 298.15K
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Table 3.5. H 1 NMR chemical shifts ( 6 ) in ppm of edtapa (Fig. 3.18).
Proton 6 (ppm ) Number of protons
(i) Py-NH-CO- 10.31 1
(2) Py (c 2) 8.08 1
(3) Py (Ca) 7.08 1
(4) P y (c4) 7.75 1
(5) P y (c 5) 8.26 1
(6) -o o c -c h 2- 3.49 2
(7) >n -c o -c h 2- 3.51 2
(8) > n -c h 2- c h 2- 2.86 2
Table 3.6. lH NMR chemical shifts ( 8 ) in ppm of edtamba (Fig. 3.18)
Proton 5( ppm ) Number of protons
( 1) Ph-NH-CO 8.44 1
(2) Phenyl 7.29 5
(3) Ph-CH-(R)-N 4.93 1
(4) >n -c o -c h 2- 3.33 2
(5) -o o c -c h 2- 3.24 2
(6) > n -c h 2- c h 2- 2.69 2
(7) - c h 3 1.35 3
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Fig. 3.21. Infrared spectra of edtapa
Fig. 3.22. Infrared spectrum of edtamba
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Table 3.7. Wavenumbers and functional groups in the IR spectra of edtapa.
Wavenumber (cm'1) Functional group
3323 Stretching vibrations of secondary amide II bands
3016-2979 Aromatic C-H stretching vibrations of pyridine
1691 C=0 amide I band
1656 N-H bending vibration ( amide II band )
1579 Stretching band of carboxylate
1436 C=N stretching band
Table 3.8. Wavenumbers and functional groups for the IR spectra of edtamba.
Wavenumber (cm'1) Functional group
3440-3202 Stretching vibrations of secondary amide II bands
3016-2979 Aromatic C-H stretching vibrations
2968 Aliphatic C-H stretching
1667 C=0 amide I band
1631 N-H bending vibration ( amide II band )
1595 Stretching band of carboxylate
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Having identified the ligands, the following section gives an account on the 
thermodynamics of protonation of edtapa and edtamba in water at 298.15 K.
3.4 .2 . D e te rm in a tio n  o f th e rm o d y n a m ic  p a ra m e te rs  o f p ro to n a tio n  in 
w a te r  a t  298.15 K.
Dissociation constants of edtapa and edtamba in water at 298.15 Kwere carried out by 
acid-base titration of the ligands using a glass electrode, while the enthalpies of 
protonation were determined by titration of the ligand salts with HC1. The 
standardisation of HC1 and NaOH is first discussed.
3.4.2.1. Standardization of an aqueous solution of HCI and NaOH
The standardization of the acid was carried out by titrating an aqueous solution of 
THAM with HCI.
The titration curve was obtained by monitoring the pH of the solution as the titration was 
performed.( Fig. 3.23).
The end point was taken when a) the slope (d  pHJ dW ) of the titration curve is 
greatest6. The slope ( first derivative) is displayed in Fig. 3.24. To compute the first 
derivative, each pair of volumes is averaged and the quantity ApH / AV is calculated. 
ApH is the change in pH between consecutive readings and AV is the change in volume 
between consecutive additions, b) the second derivative ( d (d pH/ d  V)/ d  V) is zero. 
The second derivative is computed from the first derivative in an analogous manner and 
this is shown in Fig. 3.25. The results calculated using the spreadsheet QUATTRO are 
shown in Table 3.9.
The concentration of NaOH (0.1092 ± 0.0004 mol.dm'3) was determined by 
potentiometric titration using a standard solution of HCI.
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Volume of HCI (ml)
Fig. 3.23. Potentiometric curve for the titration of an aqueous solution of THAM 
(0.50002 g) with HCI at 298.15 K.
3 ,3 0 3,80 4 ,3 0
Volume of HCI (ml)
Fig. 3.24. First derivative (dpH/dV) for the potentiometric titration curve of THAM 
(0.50002 g ) with HCI at 298.15 K.
Fig. 3.25. Second derivative d(dpH/dV) for the potentiometric titration curve of THAM 
(0.50002 g) with HCI at 298.15 K.
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Table 3.9. Potentiometric titration of an aqueous solution of THAM with HC1 at 
298.15 K.
THAM
( g )
THAM 
( mol x 103 )
HC1
(m l)
HC1
(mol/dm3)
0.04910 0.4053 3.917 0.1035
0.02159 0.1782 1.717 0.1038
0.04695 0.3876 3.750 0.1034
0.05002 0.4127 4.018 0.1028
Average 0.1034 + 0.0004 mol. dm'3
165
Chapter 3 EDTA derivatives
3.4.2.2. Determination of the dissociation constants of Edtamba and 
Edtapa in water at 298.15 K.
Potentiometric data for the determination of the dissociation constants of edtamba and 
edtapa in water and for the calculation of stability constants of these ligands and metal 
cations in water at 298.15 K were analysed using the MINIQUAD program 30,31
The dissociation constant, Ka, for the acid HA is defined by the reaction
HA < K“ > H + + A~ where Ka = V h A A  V  A -  ( 3 7 )
\mSTHA
The acid HA and its corresponding base A' are a conjugate acid-base pair.
The stepwise formation constants, designed Kj are defined as follows;
HA < K‘ > H + + A"  ; Ki = jZh A A  l l A
[ m y  h a
(3 .8 )
h 2a  < Kl > h + + h a ~; k 2 = ( 3 9 )  
2 [H2A]t h 2A-
H„A < K" > H + + Hn_vA~ ; = (3 .10 )
[HnA]
The overall ( cumulative) dissociation constants denoted Pi are defined as:
H2A < -& -> 2  H + + A-  ■ p 2 = VTCCli ± M J L L l ( 3 .1 1 )
[H2A]y H 2 a
H„A < &  > n H + + A~ ; f}„ = ^  * rH+V  ]rA-  (3 .12 )
[H„A]rHMA
Therefore, p and K are related by:
/?„ = K,. K2 ... K„ (3 .13 )
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Water is an amphiprotic medium and undergoes self-ionization, called autoprotolysis.
H2 O + H20  <-> H30 + + OH' (3 .14 )
or the dissociation of water is expressed in a simplified form as
H20  ++ H+ + OH' (3 .15)
The equilibrium constant for the autoprotolysis of water on the assumption that the 
solution is so diluted that the activity of water may be set equal to 1, is called the 
autoprotolysis constant of water, Kw,
Kw — a(H3o+) . pKw — - logK^ (3 .16)
The thermodynamic equilibrium constant is expressed in terms of activities. The activity 
of each species (ac) is defined by eq..3.17
ac = M  • r c (3.17 )
where c is the concentration on the molar scale (mol.dm"3) and yc is the molar activity 
coefficient.
At very low concentrations, the activity coefficient can be calculated from the Debye- 
Huckel limiting law39:
log = - 1 z+ z. I A ( I )m(3 .18 )
where A = 0.5115 mol "1/2.dm1/2 for an aqueous solution at 298.15 K and I is the ionic
strength of the solution
I  = (3.19)
d and Zj denote concentration and charge of the ith species in solution.
When the ionic strength of the solution is too high for the limiting law to be valid, the
activity coefficient can be estimated from the extended Debye-Huckel law (eq. 3.20)
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A\z+z_\(I)y i
lo8 T±=  '   (3 .20 )
1 + a B ( I ) ln
where a ( 10'8 cm) is the ion size parameter and B for water at 298.15 K has the value 
0.3291 x 108 cm 'Vmol "1/2.dm1/2
Measurements of ionic equilibria are generally made using solutions containing an inert 
salt which is present to maintain the ionic strength constant 40,41 . Under these 
conditions, the activity coefficients of the species investigated in such solutions may be 
considered constant.
The inert salt is chosen such that its ions will not influence the equilibria present by 
interacting with the metal ion or the ligand under investigation.
In the determinations, KNO3 was preferred to KC1 as the inert salt because N 0 3’ forms 
much weaker complexes than Cl' with metal ions in water41.
Edtapa and edtamba have eight and six potential sites for interaction with protons; 
respectively. Assuming that the amide and pyridyl nitrogens do not participate in the 
process, the dissociation steps of the ligands are those shown in Fig. 3.26 .
The determinations were performed in triplicate. Data points in the buffer regions of 20- 
80% of protonation were employed for the calculation of stability constants The 
potentiometric titration curves ( a plot of pH against the volume of NaOH added ) and 
their first derivatives ( d pH / dV ) for edtapa and edtamba are shown in Figs. 3.28 and 
3.29; respectively.
The first derivative of the titration curves for edtapa and edtamba show two maxima on 
the x -axis. Based on pKa values of similar compounds reported in the literature (Table 
3.10 ), the inflection points in the titration curves were attributed to the protonation 
constants of the amino nitrogens, which according to Fig. 3.26 correspond to pK3 and 
pKt. The pKa of the carboxylic groups are too acidic to be determined with the 
technique used. pKa values lower than 2 are expected for the carboxylic groups of 
EDTA derivatives 3.
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Fig. 3.26 . Dissociation steps considered for the deprotonation of edtapa and edtamba
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[OH]/[Ligand]
pH —h— First derivative
Fig. 3.27. Potentiometric titration and first derivative (d pH/ dV) for the titration of 
edtapa with NaOH in water at 298.15 K.
[OH]/[Ligand]
pH -a — First derivative
Fig. 3.28. Potentiometric titration and first derivative (dpH/dV) for the titration of 
edtamba with NaOH in water at 298.15 K.
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Average values for the protonation constants of edtapa (log pi= 6.82 ± 0.02; log 
(32= 11.20 ± 0.03) and edtamba (log (3i= 7.30 ± 0.01; log (32= 10.79 ± 0.02) in water at
298.15 K were calculated using the MINIQUAD program.
Using eq.3.13 the stepwise formation constants were calculated. The pKn values of 
some EDTA derivatives are listed in Table 3.10.
Values of pKa3 of various EDTA derivatives show that the electron withdrawing effect of 
the carbonyl groups of the amide moiety is stronger than that of the carbonyl group of 
the ethyl-ester moiety. As far as the amido groups are concerned, pKa3 values decrease 
as the electron-withdrawing effect of the R group attached to the nitrogen increases. 
Thus, the following sequence in the pKa3 values is found.
pKa3 a-Methylbenzylamine > benzyl amine > 2-Aminopyridine > Aniline
The difference in the pKa3 values observed between edtamba and edtaba may be 
attributed to the higher electronic density in the former due to the presence of the methyl 
group. The electron-withdrawing effect is increased when an aromatic group is directly 
bonded to the nitrogen, thus the pKa3 values of edtapa are lower then those for 
edtamba and edtaba.
EDTA has four negative charges while edtamba and edtaba only two. This 
electrostatic effect could explain the drop in the pKa values observed with these amido 
derivatives.
The determination of the different physicochemical species formed by a substance which 
together make up its total concentration in a sample42; gives information regarding the 
fraction of the various species as a function of pH, extent of the reaction, etc.. The 
speciation of edtapa and edtamba obtained from the potentiometric titrations are 
shown in Figs 3.30 and 3.31; respectively. The fractional composition diagram for 
edtapa shows that the differences between pKfl3 and pKa4 are small, therefore the
fraction correspondig to LH species does not get close to unity.
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Table 3.10. Dissociation constants ( pKa) of some EDTA derivatives in water at 
298.15 K.
EDTA derivative pKa3 pKa4
\ f \ y  v ? v i f 7)!
H—O—C—CH2Io
CH2-C —O—H Io
Edtapa
H3C— —\ /^CH2-C—N—([—CH3
-^-ch/  ch2-^-ohHO— C
O O
Edtamba
 ---. HO OH .----
( Q / — H»C— N - C - H 2Cv /  x  JGHa- C - N — CH2—( Q /
HO —(J— HjC CH2-C - O H
o
Edtaba
< ^ > —HN-C-H^/ x CH2-C-NH^^)
HO —C —H,C IO
CH,-C-OHIO
Eddada
H)
HO- (jj H2C 
O
✓HI
CH2-(jj-OH
O
Edda
h ,c , - o - c ~ h 2q
oI
pH 2 - C - 0 - C 2 H5
HO-C—HjC 
O
CWj-C-OH
O
Deedta
6.82
7.30
6.97
6.67
9,59
7.33
4.38
3.49
3.79
3.53
6.53
3.66
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LH
0 1 °c —HjC
K0-c-H ,CIo
° 'j f ) lCH, C — n  
N N
C H j-C — O
LH2 LH L
Fig. 3.29. Fractional composition diagram for edtapa at different pH in water at 298.15 
K.
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Fig. 3.30. Fractional composition diagram for edtamba at different pH in water at
298.15 K.
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3.4.3. Enthalpies of protonation of edtamba and edtapa in water at 
298.15 K.
Enthalpies of protonation of edtamba and edtapa in water at 298.15 K were determined 
by titration calorimetry using successive additions of HC1. Fig. 3.31 and Fig. 3.32 show 
typical thermograms (total heat against [H+]/[Ligand] molar ratio) for the titration of 
edtapa and edtamba, with HC1 in water at 298.15 K; respectively.
3.4.3.1. Enthalpy of protonation of edtapa in water at 298.15 K
The calorimetric titration curve for edtapa (Fig. 3.31) shows two neutralization points 
at 1 and 2 molar ratios respectively; which, according to potentiometric studies 
correspond to the protonation of the amine nitrogens. (Fig. 3.26).
For the determination of protonation constants and enthalpies of protonation of edtapa 
the computer program CALLH2.BAS was developed.
The availability of equilibrium constants obtained by potentiometry allows the 
determination of enthalpies of protonation of edtapa using a minimization program with 
only two parameters to fit, AHLh and AHLh2- Thus, (3Lh and J3lh2 were considered 
constant. The program and the mathematical treatment used for these calculations are 
listed in Appendix 7.
For the determination of the enthalpies of protonation of edtapa, data were saved using 
the program CALLA.BAS (chapter 2) and the enthalpies were calculated using the 
program CALLH2.BAS. Four different experiments were carried out and the average 
results are shown in Table 3.11. .Calculated and observed accumulative heats using the 
program CALLH2.BAS illustrated in Fig. 3,33 show excellent correlation.
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[H+]/[Edtapa]
1 2
Fig. 3.31. Thermogram (total heat against [H+]/[Eigand] molar ratio) of edtapa with 
HC1 in water at 298.15 K.
[H+]/[Edtamba] 
0,4 0.1 1,2
Fig. 3.32. Calorimetric data ( total heat against [H+]/[Edtamba] molar ratio) of 
edtamba with HCl in water at 298.15 K.
[H +]/[Ligand]
0 1 2
 Qcalc.
<s> Qobs.
Fig. 3.33. Experimental (Q obs.) and calculated (Q calc.) accumulative heats of 
protonation of edtapa in water at 298.15 K.
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3.4.3.2. Enthalpy of pro tonation  of ed tam ba in w ater at 298.15 K.
The titration curve for the calorimetric determination of the enthalpy of protonation of 
edtamba (Fig. 3.32) shows one neutralization point at 1:1 (H/Ligand) molar ratio 
which, according to the potentiometric studies corresponds to the protonation of one of 
the amine nitrogen (Fig. 3.26).
No heat was detected after the first neutralization point, but potentiometric studies 
showed two inflection points (Fig. 3.28). The lack of heat observed for the protonation 
of the second amino group could be due to:
a) The low enthalpy of the reaction and / or
b) The lower value of pKa4 (Fig. 3.26)
The equilibrium constant and the enthalpy associated with the protonation of edtamba 
were calculated using the CALLH.BAS program. Values for AHLh and K were 
determined simultaneously using a minimization procedure. The program is listed in 
Appendix 8.
For the determination of the enthalpies of protonation of edtamba, data were saved 
using the CALLA.BAS program (Appendix 2) and the enthalpies were calculated using 
the CALLH.BAS program. Four different experiments were carried out and the results 
are shown in Table 3.11.
3 .4 .4 . T h e rm o d y n a m ic s  o f p ro to n a tio n  o f e d ta p a  a n d  e d ta m b a  in 
w a te r  a t  298 .15  K.
From the value of p2 and the accumulative value of enthalpy for the protonation of 
edtapa the individual equilibrium constants (log Kp ), Gibbs energies (APG°) and 
enthalpies (APH°) of protonation were calculated. These results are shown in Table 3.12 
Entropies of protonation were calculated from APG° and APH° values and these are also 
listed in this table
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Table 3.11. Equilibrium constants log (pi) and enthalpies of protonation of edtamba 
and edtapa in water at 298.15 K.
log KP1 AP1H°
(kJ.mol'1)
Edtamba 7.30 + 0.01 -27.69 ± 0.26
Edtapa 6.82 ± 0.02 -27.35 ± 1.03
log Kov. A ov, H°
(kJ.mol'1)
Edtapa 11.20 ±0.03 -40.33 ± 1.50
Table 3.12. Thermodynamic parameters of protonation of edtamba and edtapa in 
water at 298.15 K.
log Kpi • ApiG° 
(kJ.mol'1)
APiH°
(kJ.mol'1)
AP1S°"
(J.K'VmoK1)
Edtamba 7.30 ±0.01 -41.69 ±0.09 -27.69 ± 0.26 47.0
Edtapa 6.82 ± 0.02 -38.93 ±0.09 -27.35 ±1.03 38.9
log K p2 a P2g° a P2h c, a P2s°
(kJ.mol'1) (kJ.mol*1) (J.K'-.mol'1)
Edtapa 4.38 ±0.04 -24.99 ±0.19 -12.98 ± 1.80 40.3
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The first protonation of edtamba and edtapa have similar enthalpy values. Therefore, 
the differences observed in the protonation constants for these two ligands are due to the 
differences in entropy. The second protonation constant of edtapa is as expected lower 
than the first one (Table 3.3). Considering that ALhS° and ALh2S° have similar values, 
the difference observed between the first and second protonation constants for edtapa is 
due to the difference in the enthalpies of these processes.
Since edtamba and edtapa have potential groups for interaction with metal cations, the 
complexation of these ligands with metal cations in water is considered. The following 
section concerns the thermodynamics of complexation of edtamba and edtapa with 
transition metals ( Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+) in water at 298.15 K.
3 .4 .5 . T h e rm o d y n a m ic s  o f co m p le x a tio n  o f e d ta m b a  a n d  e d ta p a  w ith  
m eta l c a t io n s  in w a te r  a t  298.15 K.
This section involves the study of the complexation abilities of edtamba and edtapa 
with metal cations in water. For these purposes, a thermodynamic approach was 
considered which includes;
1. Determination of stability constants of complexation using a glass electrode
2. Calorimetric determination of enthalpies of complexation using calorimetry.
The metals considered were Cu(II), Ni(II), Co(II), Pb(II) Zn(II) and Cd(II). Stability 
constants and enthalpies of complexation were determined using potentiometric and 
titration calorimetry; respectively. Since for the determination of thermodynamic 
parameters of complexation, the concentrations of the metal-ion solutions must be 
accurately known, aqueous solutions were standardised using EDTA as complexing 
ligand.
3.4.5.1. S tandard ization  of the  aq u eo u s metal-ion so lu tio n s  with EDTA.
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Standardisations were carried out by titration of a known volume of the metal-ion 
solution with a standard solution of EDTA. The results shown in Table 3.13 are the 
average of at least four determinations.
3.4.5.2. Potentiom etric determ ination of stability c o n s ta n ts  of ed tap a  and 
ed tam b a  with metal ca tio n s  in w ater at 298.15 K
The pH-glass-electrode has been used extensively in the determination of the stability 
constant of a metal ion Mm+ and an anion of a weak acid, LH„. The problem is to 
determine the nature and concentrations of all species present in solution from the 
measured pH of buffer solutions containing the acid LHn, the base and the metal-ion . If 
two or more species in solution have identical charges and the same number of metal 
ions and ligand molecules, only the sum of concentrations can be determined 
potentiometrically43. Thus, configurational and conformational isomers and inner- and 
outer sphere complexes are indistinguishable .
In order to calculate stability constants from potentiometric pH titration data, three mass 
balance equations are needed. If the ligand has two protonation constants and the 
complex formed is [LM], the following mass balance equations are considered; any 
electric charges carried by the species are omitted for convenience.
Lt = [L] + [LM] (3 .21 )
Mt  = [M] + [LM] (3  22)
Ht = [H] + [LH] + [LH2] + [LM] - [OH] ( 3 .2 3 )
In eqs. 3.21-3.23, Lt, Mt and Ht are the total concentrations of ligand, metal and 
protons; respectively.
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Table 3.13. Concentration of the solutions of metal cations used for the complexation 
studies.
Metal Concentration ( mol.dm'3)
Cu +2 0.0507 ± 0.0006
Ni+2 0.0474 ± 0.0002
Co+2 0.0491 ± 0.0006
Pb +2 0.0533 ± 0.0008
Cd +2 0.0523 ± 0.0006
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For each titration point there are two unknown which are the free concentrations of [L] 
and [M]. In the case of the formation of a [ML] complex, four equilibrium constants are 
involved:
a) the first protonation of the ligand as indicated by eq..3.24
L + H < - -  > LH k pi = [LH]
[L] [H]
(3 .24 )
b )the second protonation of the ligand (eq 3.25)
_ [LH2]
[L] [H]
c) the metal ligand complexation reaction ( eq.3.26)
L + 2H < > LH2 ICov = (3 .25)
[LM] (3 .26)L + M < - ------» LM V • JyLM [L] [M]
d) the hydrolysis of water
H20  <■ '  > H + OH ; Kw = [H] [ OH ] (3 .27 )
In the determinations, KN03 was used as the inert salt to keep the ionic strength 
constant. Stability constants of edtamba and edtapa metal-ion complexes were 
calculated using a MINIQUAD program. Potentiometric titration data of edtapa and 
edtamba metal-ion complexes with NaOH in water at 298.15 K are shown in Fig. 3.34 
and Fig. 3.35; respectively.
The inflection points observed in the potentiometric data (Fig. 3.34 and Fig. 3.35) 
correspond to the removal of two protons from these ligands as indicated in the 
following process:
M+2 + LH2 -> LM + 2H + (3 .28 )
Stability constants of complexation of edtapa and edtamba metal-ion complexes for the 
process indicated in eq. 3.26 in water at 298.15 K are shown in Table 3.14
For comparison purposes, stability constants( log Ks) of Edta and its derivatives with 
some cations in water at 298.15 K are shown in Table 3.15. The values show a
181
Chapter 3 EDTA derivatives
decrease in stability resulting from functionalization of the two carboxylic groups of 
EDTA by amido groups. Among the various ligands edtapa shows the lowest selectivity 
for metal cations in water as reflected in the log Ks values. As far as edtaba and 
edtamba are concerned the latter ligand shows higher stability for Ni2+, Zn2+, Co2+ and 
Cu2+ and the lower stability for the heavy metals Cd2+ and Pb2+. This may be due to the 
presence of the polarizable methyl group in edtamba which increases the softness of the 
amido group and consequently, the preference to interact with soft metals cations. The 
lower stability of edtapa with respect to edtaba could be mainly attributed to a decrease 
in the basicity of the nitrogen donor atoms of the ethylenediamine group. In order to 
gain understanding on the factors which contribute to the stability of these complexes, 
enthalpy data are required. In the following section, enthalpy data for these processes 
are discussed.
3.4.6. E n th a lp ie s  o f c o m p le x a tio n  o f e d ta p a  a n d  e d ta m b a  w ith  m eta l 
c a t io n s  in w a te r  a t  298.15 K d e te rm in e d  by titra tio n  ca lo rim e try .
As calorimetry is the only technique by which the heat of reaction is directly determined , 
the enthalpies of complexation of edtamba and edtapa with metal cations were carried 
out using titration calorimetry. Representative examples of accumulative heats of 
reaction against Metal/Ligand molar ratios for the complexation of edtamba and edtapa 
with metal cations in water at 298.15K are shown in Fig. 3.36 and Fig. 3.37; 
respectively. Four different experiments were carried out and the average results are 
shown in Table 3.16
The calorimetric data show that heat is produced until a maximum is reached. This 
maximum corresponds to a metal/ligand molar ratio of 1. Therefore, under the 
conditions in which the reactions were carried out 1:1 metal ion-ligand complexes are 
formed.
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Fig. 3.34.- Potentiometric data for the titration of edtapa in the absence(-) and presence 
of 1:1 molar ratios ligand to (a)Ni2\  (b) Zn2+, (c) Pb2+, (d) Co2t, (e) Cd2 (f) 
Cu2' (A)in water at 298.15 K.
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Fig. 3.35- Potentiometric data for the titration of edtamba in the absence(-) and
presence of 1:1 molar ratios ligand to (a)Ni2+, (b) Zn2+, (c) Pb2\ (d) Co2+, (e) 
Cd2+ (f) Cu2+ (A) in water at 298.15 K.
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Table 3.14. Stability Constants ( log Ks ) of edtamba and edtapa with metals cations 
in water at 298.15 K ( ionic strength 0.10 mol.dm'3).
log Ks
Cation Edtapa Edtamba
Ni+2 8.64 ± 0.01 9.8 + 0.01
Zn+2 7.88 + 0.02 8.75 + 0.01
Pb+2 8.24 + 0.01 9.26 + 0.01
Co+2 7.96 + 0.02 8.93+0.01
Cd+2 8.16 + 0.01 8.95 + 0.01
\
Cut2 8.24 + 0.02 9.21 ±0.01
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Table 3.15. Stability constants (log Ks) for the complexation of EDTA and its 
derivatives with metal cations in water at 298.15 K.
Ni2+ Zn2+ Pb2+ Co2+ Cd2+ Cu2+
HOOC—H2c ---  CH2-COOH
Yl N
HOOC—V\2C CH2-COOH 18.52 16.44 17.88 16.2 16.36 18.70
Edta a 6
1^ 1-N-C-CH, \  cH2-C-N-[Q]
N N N( n
H-O-C-Ch/ SCH2-C-0-H 8.64 7.88 8.24 7.96 8.16 8.24
o o
Edtapa1'
0  OTV ? ? " IHjC—C-N-C-CH, /—y CH2-C—N—C—CHj
h y  k hHO—C—CH2 CH2'C-OH
9.80 8.75 9.26 8.93 8.95 9.21
o o
Edtamba1’
HO-^ -H2C Ctfc-C-OH 
o o 9.32 9.10 9.16 9.23 8.82 9.44
Edtaba0
H2C CH2-^ -OH 13.61 9.77 15.61 10.6 9.14 15.41
O O 1
Eddada1
(a) Ref. 3. {b } this work. (0 > Ref. 44 . (d} Ref.-45
186
Chapter 3 EDTA derivatives
In order to calculate the enthalpy of complexation, the concentrations of metal cations 
and ligand, the heat of dilution and the volume in each step have to be known. These 
data were calculated and saved using the CALLA.BAS program (Appendix 2). 
Enthalpies and equilibrium constants were calculated using the KHNLR3 program
(Appendix 4.). As the pKa values of the ligand are low, these were neglected in the
calculations, log Ks values obtained using this program are (as potentiometric studies 
demonstrated) higher than six. Therefore, these values cannot be accurately determined 
by calorimetry. Enthalpies of complexation of edtapa and edtamba in water at 298.15 
K are reported in Table 3.16. These are referred to the following process:
M (water) + L (water)  ^ ML(water) ( 3.29)
For comparison purposes, enthalpies of complexation of EDTA and metal cations in
water at 298.15 K reported by several authors are listed in Table 3.16.
3 .4 .7 . T h e rm o d y n a m ic  p a ra m e te rs  of c o m p lex a tio n  o f e d ta m b a  a n d  
e d ta p a  w ith  m eta l c a tio n s  in w a te r  a t  298.15 K
Knowledge of the enthalpy and entropy terms and their contribution to the free energy of 
complexation could help to elucidate some of the factors governing complex formation. 
The relationship between the thermodynamic stability constant of a complex and the 
change of the Gibbs energy, ACG°, for the complexation process is given by eq 3.30
ACG° = - R T In ICs ( 3 30)
The Gibbs Helmoltz equation expresses the Gibbs energy for any process in terms of
the enthalpy and entropy contributions eq3.31
ACG° = ACH° - T A CS° (3.31)
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[Ni]/[Ligand]
(a)
[Cu]/[Ligand]
(c)
[Zn]/[Ligand]
(e)
[Pb]/[Ligand]
(b)
[Cd]/[Ligand]
(d)
[Co]/[Ligand]
(f)
Fig. 3.36. Calorimetric data (total heat against [M'2]/[Ligand] molar ratio) for the 
titration of edtamba with to (a)Ni2+, (b) Pb2\  (c) Cu2+, (d) Cd2+, (e) Zn2 (f) 
Co2t in water at 298.15 K.
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[Pb]/[Ligand]
(a)
[Zn]/[Ligand]
(C)
CO
CD
X
[Cd]/[Ligand]
(b)
[Co]/[Ligand]
(d)
Fig. 3.37. Calorimetric data ( total heat against [M+2]/[Ligand] molar ratio) for the 
titration of edtapa with to (a) Pb2\  (b) Cd2+, (c) Zn2 (d) Co2 in water at 
298.15 K.
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This equation allows the calculation of AcS° when Ac,G° and AcH°are available from 
experiment. The thermodynamic parameters of complexation of edtamba, edtapa 
and EDTA with metal cations in water at 298.15 K are shown in Table 3.17.
In order to interpret the thermodynamic data it is useful to indicate the reaction 
between chelating agent and the metal ion to form the metal-ion chelate complex in 
water which is as follow,
M ( H20  )xnl+ + L (H 20 ) yn- -> ML (H20)zm‘n + (x  + y - z ) H 20  (3.32)
The metal-ion generally has six or more molecules of water in its coordination shell. 
The first solvation shell (set of solvent molecules which are immediate neighbours of 
the ion) interact with the ion strongly . The second shell is the set of solvent 
molecules which are disordered due to the influence of the electrical field of the ion on 
one side and the tetrahedral structure of the bulk water. Beyond the second solvation 
shell the solvent molecules are indistinguishable in their behaviour from those in the 
bulk solvent53'
The complexation process can be explained using the following cycle; charges are 
omitted for simplification.
M,(8) + <g) ML,■(g)
M(dehydration)
Mi(water)
A P°L(dehydraliou) AP°ML (hydration) (3  33 )
L(wa( ter) AP°C (water) ML(Water)
P° = G°, H° or S°. Although the thermodynamic quantities for the formation of a 
metal-ion chelate in water depend only on the initial and final states, for the 
interpretation of the factors which contribute to the overall process of binding, the 
dehydration of the ligand (PL(dehydration)) and the metal cation (PM(dehydration)), the
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complexation in the gas phase (Pc(gas)) and the solvation of the resulting complex 
(PML(hydratiou)) are considered. Thus,
Pc (water) PM(dehydration)) + PL(dehydration) + PML(hydration) + Pc (gas) (3.34)
Therefore, the thermodynamic parameters of complexation of edtapa and edtamba 
(Table 3.17), can be discussed taking in account the parameters involved in eq. (3.33)
Dehydration o f the metal cations.- Thermodynamic parameters of dehydration and 
effective ionic radii of metals cations are listed in Table 3.18. The magnitude of the 
enthalpies of dehydration for the metal ions indicates that their interactions with water 
molecules (ion-dipole interactions) are strong and show an endothermic increase as 
the ionic radii decreases. The entropies of dehydration are increasingly more positive 
as the enthalpies of dehydration becomes more endothermic. The positive value of 
the entropy is mainly due to the considerable gain of translational, vibrational and 
rotational motion of the molecules of water that were bounded to the metal-cation.
Dehydration o f the l i g a n d s As far as the ligands are concerned, ligand-water 
interactions are weaker than cation-water interactions. The total number of bound 
water molecules and the strength of the bonds will depend upon the nature of the 
ligand. The carboxylate group is more highly hydrated (ion-dipole interaction) than 
non-charged groups such as the basic nitrogen (dipole-dipole interaction). The 
positive entropy is due to the higher mobility of water molecules previously bounded 
to the ligand. Therefore, the enthalpy and the entropy of dehydration of edtamba 
and edtapa (two carboxylic groups) are expected ;to be less positive than 
corresponding data for edta (four carboxylic groups).
Hydration o f metal-ion c o m p le x e s In the metal-ion complex, the charge of the 
cation is distributed in the outer shell of the metal chelates. The strength of 
interaction will depend on the charge of the complex. Metal-ion complexes of 
edtamba or edtapa (1 :1) are neutral and highly hydrophobic in character.
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Table 3.17. Thermodynamic parameters of complexation of edtamba , edtapa and 
EDTA with metal cations in water at 298.15 K.
edtamba
Cation logKs ACG°
kJ.mol'1
ACH°
kJ.mol'1
ACS°
J.mol'.K'1
Ni+2 9.08+0.01 -51.83 + 0.06 -35.48 + 1.20 54.8
Zn+2 8.75+0.01 -49.93 ± 0.06 -27.02+ 1.01 76.8
Pb+2 9.26 + 0.01 -52.87 + 0.07 -47.12 + 1.62 19.3
Co+2 8.93 + 0.01 -50.97 + 0.03 -19.14 + 0.90 106.8
Cd+2 8.95 + 0.01
\
9.21+0.01
-51.11+0.05 -40.18 + 0.58 36.7
Cu+2 -52.57 + 0.05 -44.66+ 1.14 26.1
edtapa
Ni+2 8.64 + 0.01 -49.32 ± 0.06
Zn+2 7.88 + 0.02 -45.00 + 0.11 -20.14 + 0.57 83.4
Pb+2 8.24 + 0.01 -47.03 ± 0.06 -48.22+ 1.13 -4.0
Co+2 7.96 + 0.02 -45.44 + 0.11 -17.42 + 0.61 94.0
Cd+2 8.16 + 0.01 -46.58 + 0.06 -37.38 + 1.43 30.9
Cu+2 8.24 + 0.02 -47.01 + 0.11 
EDTAa
Ni+2 -105.71 -32.90 354.4
Zn+2 -93.83 -21.49 314.7
Pb+2 -102.05 -54.18 342.1
Co+2 -92.81 -17.85 311.2
Cd+2 -93.38 -40.27 313.1.
Cu+2 -106.73 -35.47 357.9
a Ref. 3
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However, in some cases, metal ion-EDTA complexes are double negatively charged (- 
2). Therefore, it is expected that these are more hydrated than edtamba or edtapa 
complexes. Hydration entropies of the metal-ion complexes are expected to be 
negative due to the loss of water mobility solvating the complex. As a result, cation 
complexation with EDTA is expected to be more exothermic with a higher loss in 
entropy than those involving edtamba or edtapa.
Complexation in the gas phase.-. The complexation in the gas phase is exothermic, 
the extent of this will depend on the nature of the ligand and the metal cation. Due to 
the lower basicity of the nitrogens in Edtamba and edtapa, with respect to EDTA, 
(reflected in the differences observed in their pKa values), their interaction with metal­
ions are expected to be lower than EDTA. As far as entropy is concerned, as the 
complexation process takes place in the gas phase, a decrease in entropy is expected 
resulting from the loss of a) the translational freedom required for the formation of 
one specie from two reactants b) the rotational entropy of the ligand upon interaction 
with the metal-ion.
Complexation in water.- Enthalpies of complexation for EDTA, edtamba and 
edtapa and metal cations in water show the following enthalpic stabilities;
EDTA Pb2+ > Cd2+ > Cu2+ « Ni2+ > Zn2+ « Co2+
edtamba Pb2+ > Cu2+ > Cd 2+ > Ni2+ > Zn2+ > Co2+ v
edtapa Pb2+ > Cd2+ > Zn2+ > Co2+
The high exothermic character of enthalpy data for Pb2+and Cd 2+ with these ligands
(EDTA, edtapa and edtamba) with respect to other cations (Cu2+, Ni2+, Zn2+, Co2+) 
may be mainly due to the lower enthalpies of dehydration of the former with respect 
to the latter cations. As expected from the lower enthalpy of dehydration of this metal 
cation, the enthalpy of complexation of edtamba with Cu2+ is more exothermic than 
Ni2+, Zn2+ and Co2+ . The John Teller effect present in this metal allows the 
formation of square planar complexes, leaving two axial bonds free to interact with 
water which explain the higher solvation of this complex relative to others in which 
the metal cation is completely surrounded by the ligand.
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Table 3.18. Thermodynamic parameters of dehydration of metal cations at 298.15 K.
Metal Effective ionic 
radii (pm) 
CN= 6 (a)
AdehydrG
kJ.mol’ 1 (b)
AdehydrH° 
kJ.mol' 1 (b)
Adehydr.S
J.molkK*10
Ni2+ 83 1998 2101 345
Zn2+ 88 1963 2052 299
Pb2+ 133 1434 1491 191
Co2* 88.5 ( d ) 1922 2018 322
Cd2+ 109 1736 1815 265
Cu2* 87 2016 2105 299
R ef54 b) Ref 53 c) calculated from AhydrG° and Ahyd,H0 d) High spin
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This finding seems to suggest that in the interaction of edtamba with copper, the 
ligand is acting as a tetracoordinated ligand. The lowest enthalpies of complexation 
are found for Zn2" and Co2+ and these ligands in water. This observation is expected 
if cation desolvation plays a predominant role in the binding process. Among the 
cations considered Zn(II) and Co(II) have the highest enthalpies of hydration.
Complexation of edtapa and edtamba with metal cations show positive entropies of 
complexation . The negative entropic contribution resulting from the formation of 
one specie (complex) from two reactants (metal cation and ligand) is by far 
compensated by the gain in entropy due to the dehydration of the metal cation upon 
interaction with these ligands.
From Table 3.18 it is observed that the complexation process between these 
derivatives and these cations is enthalpicaly and entropicaly favourable. An 
interesting aspect to emphasize is that the differences in the enthalpy values between 
the amido derivatives of EDTA and EDTA itself with a metal cation are not too 
large; the main contribution to the high favourable Gibbs energy observed in the 
complexation of cations with EDTA is the entropic term. Indeed, this high positive 
value is responsible for the large stability of this ligand with metal cations. The 
differences observed in entropy could be attributed to the solvation of the carboxylate 
groups in EDTA with respect to the amido derivatives. Carboxylates are better 
solvated in water (ionic character) than the amido groups. Therefore, the introduction 
of a charged group in water is expected to lead to a greater disorder in the structure 
of this highly structured solvent than the introduction of an uncharged group.
It is of interest to assess the selective properties of these ligands relative to EDTA. In 
order to do so, ratios between the stability constants of a metal cation relative to Zinc 
(II) are calculated and these are shown in Table 3.19.
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Table 3.19. Selectivity of EDTA, edtamba, edtapa and edtaba for metal cations in 
water at 298.15K.
EDTA Edtamba Edtapa Edtaba
k Cq2+
K Zn2+ 0.66 1.51 1.20 1.35
Kpb 2+
27.54 3.23 2.29 1.15
K N i2+
K Zn1+ 120.38 2.14 5.75 1.66
K C d 2+
K Z n2+ 0.83 1.58 1.91 0.52
K C »2+ 
K Zn2+ 181.97 2.88 2.29 2.19
K Zn2+
K Zn1+ 1.00 1.00 1.00 1.00
197
Chapter 3 EDTA derivatives
The most striking feature of these data are the dramatic changes in the selectivity of 
these ligands for cations with respect to EDTA. Thus, practically no selectivity is 
observed with amido derivatives of EDTA and these cations as a result of a total 
enthalpy-entropy complexation effect. In an attempt to test this effect, ACH° are 
plotted versus Ac,S° values as shown in Figs 3.39 (edtamba) and 3.40 (edtapa). The 
relationship between these two parameters is almost linear with intercepts of -52.84 
amd -47.02 kj.mol' 1 and slopes of 322.2 and 317.8 K for edtamba and edtapa; 
respectively.
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/
Entropy J/mol/K
Fig. 3.38 Relationship between enthalpy and entropy of complexation of metal 
cations and edtamba in water at 298.15 K.
Entropy J/mol/K
Fig. 3.39. Relationship between enthalpy and entropy of complexation of metal 
cations and edtapa in water at 298.15 K.
/
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3.5. CONCLUSIONS
1. Two amido derivatives of EDTA have been successfully synthesised and 
characterised
2. pKa values associated with the dissociation of the tertiary amino groups are lower by 
about three units relative to EDTA. This difference may be due to a) the withdrawing 
effect of the amido group b) the electrostatic effect resulting from the presence of two 
carboxylate groups instead of four in EDTA.
3. Thermodynamic parameters of protonation indicate that the differences in the pK3 
values found for edtapa and edtamba are of an entropic nature. However, the 
enthalpic term is dominant in the differences observed between the pKc|3 and pKd4 
values in of edtapa.
4. Thermodynamic studies of complexation show that unlike EDTA, edtapa, and 
edtamba do not show selective properties for Co(II), Zn(II), Ni(II), Cd(II), Cu(II), 
Pb(II) in water as a result of a total enthalpy-entropy compensation effect.
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A P P E N D I X  1
PROGRAM CALTRIS.BAS FOR THE DETERMINATION OF THE 
ENTHALPY OF PROTONATION OF THAM BY TITRATION 
CALORIMETRY
The program CALTRIS.BAS was written in GW BASIC languaje and was used to 
determine the enthalpy of protonation by the addition of an aqueous solution of 
THAM to a 0.1 mol dm'3 of HC1. The mathematical treatment used for the 
developed the program is indicated in Chapter 2.
1 CLS
10 DIM QR(200), T(200), ML(200), QH(200), Q(200), H(200)
20 INPUT "number of data........."; N
30 INPUT "rate of burette. . . R
40 INPUT "concentration o f tham in burette. . CT
50 INPUT "Q of dilution. . . QD
100 GOSUB 500
120 GOSUB 1000
140 GOSUB 2000
150 INPUT "do you like to print results .. yes=l no=2"; PR 
160 IF PR = 1 THEN GOSUB 3000 
200 END
21 OREM ************************************************ 
500 ~RF,M******** input data **************** 
505 REM ************************************************
510 PRINT" Q(r) t(s) "
520 FORX = 1 TON 
530 PRINT X: INPUT QR, T 
540 QR(X) = QR: T(X) = T 
550 NEXT X 
560 RETURN
990 REM ************************************************ 
1000 rjem******* calculations *****************
1003 REM *********************************************** 
1005 OH = SQR(10 A (-5.929) * CT)
1010 FORX = 1 TON
1020 ML = T(X) * R: ML(X) = ML
1030 QH = -OH * ML * 55.81
1040 QH(X) = QH
1050 Q = QR(X) - QD - QH
1060 Q(X) = Q
1070 H = (Q / (ML(X) * (CT - OH / 1000)))
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1080 H(X) = H 
1090 NEXT X 
1100 RETURN
1992 REM ********************************************** 
2000 RF.M ******** display results s^k^ ********)**
2003 REM ********** ******* h« **** ***** ****** ************* 
2005 PRINT "ml qr qh qtham h"
2010 FORX = 1 TON
2020 PRINT ML(X), QR(X), QH(X), Q(X), H(X)
2030 NEXT X 
2040 RETURN
2990 REM ************************************************* 
3000 R F.M ******** print results
3003 REM ************************************************** 
3005 LPRINT "ml qr qh qtham h"
3010 FORX= 1 TON
3020 LPRINT ML(X), QR(X), QH(X), Q(X), H(X)
3030 NEXT X 
3040 RETURN
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A P P E N D I X  2
P rogram s for the  in troduction of d a ta  for the calorim etric determ ination  
o f equilibrium  c o n s ta n t and  enthalpy of com plexation
The equilibrium constant, K, and the enthalpy change AH can be evaluated 
simultaneously by titration calorimetry. This method involves four steps
1. The experimental determination of the gross heat produced in the reaction vessel 
(qt) in each step.
2. The calculation of all correction terms for heat effects other than those due to the 
chemical reaction occurring in the reaction vessel
3. Calculation of the concentrations of titrant and titrate in each step.
4. The determination of K and AH using a minimisation program.
Determination o f the gross heat
In the Tronac calorimeter model 450 the change in temperature produced in the 
reaction vessel is converted to voltage signal and registered on a strip chart recorder
The heat evolved or absorbed in the reaction as voltage was determined using the 
method of correction of Dickinson1. Conversion of voltage to heat was carried out by 
the use of a calibration factor (fc) ( eq. 1)
qt = f  c . Vt ( 1 )
determined measuring the change in voltage produced when a known amount of 
electrical heat is introduced in the vessel.
In practice, the voltage is measured as longitude (mm) in the chart recorder. 
Calculation o f  the dilution correction term 
. Two cases are considered,
iii
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1. . When dilution and reaction are carried out under the same co n d itio n s.This is 
the case for the titration using the Halt 850 calorimeter . In this calorimeter it is 
possible to program the time involved in each step and the number of steps. The 
heat of dilution was subtracted for each step from the reaction heat, and the data 
was introduced in the CALL.BAS program.
2. When the dilution in each step is constant within the instrumental error.- In this 
case a constant value of dilution (J.s*1 ) is calculated. To do this, the heat in each step 
was divided by its time; and an average of all steps was taken. The data were 
introduced in the CALLA.BAS program.
Calculation o f  titrant and titrate concentrations
To determine simultaneously K and AH the concentrations of titrate, titrant, their 
volumes and heats involved in each step must be known. These values were obtained 
by using two computer programs developed in this work, CALL.BAS and 
CALLA.BAS.. They differ in that in the former the heat is the net heat while in the 
latter, the heat of dilution (J.s' 1 ) is subtracted from the net heat. In these programs 
the initial data required are:
- initial concentration of titrant, Ao (mol.dm'3)
- initial concentration of titrate,B0 ( mol. dm'3)
- delivery rate rate of the burette, r ( ml s'1)
-number of data points
- heat, q(i) and time, t(i) respectively
The concentration of A and B in the i step is given by eqs 2 and 3; respectively. 
Therefore,
Appendix
B,(i) = ^ -5°  (3  )
50 + r.to(0
where ta( i ) is the accumulated time in the i step
The output of these programs are the concentrations of reactants and products, 
the accumulated heats and the volumes involved in each step. These are printed out 
and saved.
CALLA.BAS PROGRAM
DIM A(IOO), B(100), AV(IOO), AQ(IOO), Q(100), T(100), V(100) 
color 14,12 
cis
REM ### calculos para hallar [A],[B],Vacumul, Qacum
print
print
print" ";date$;" ";time$
PRINT " program calla.bas TM (APT)" 
print %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%"
PRINT"%%%%%%%% RAM CALLA.BAS %%%%%%%%%%%%" 
PRINT"%%%%%%%% PT 1992 %%%%%%%%%%%%"
PRINT "%%%%%%%%DATA FOR TITRATION CALORY.%%%%%%% " 
PRINT" %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%"
INPUT "name...."; N$
LPRINT N$,date$,TIMES
INPUT " number of data "; N
INPUT "concentration in vessel"; CV
LPRINT using "concentration in vessel ###.###### CV
INPUT "concentration in burette"; CB
INPUT "rate of burette . .. ."; R
LPRINT using "concentration in burette ###.###### RATE ##.###### "; CB;R 
INPUT "j/s dilution...."; JS
LPRINT using "j/s dilution ###.##### number of data ### "; JS,n 
GOSUB 1000
65 INPUT "do you like to modify data? yes=l no=2"; MD 
IF MD = 1 THEN GOSUB 1100: GOSUB 1500: GOTO 65 
GOSUB 1600: GOSUB 2000 
REM ** print results # ###
PRINT " [A], [B], AQ,AV"
print" No. [A] [B] [A]/[B] "
FOR X = 1 TO N
PRINT using"### ##.###AAAA ##.###A aaa ###.#### ";x, A(X), B(X),a(x)/b(x) 
NEXT X
LPRINT" Qi ti [Ai] [ Bi ] [A]/[B] AQ AV"
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FOR X = 1 T O N
LPRINT U SIN G " M . M M  MU.M M M M AAAA M M U AAAA M . M M  M M M  M M M  
Q(X); T(X); A(X); B(X); A(X) /  B(X); AQ(X); AV(X)
NEXT X
INPUT " do you like to save? yes=l no=2"; SA
IF SA = 1 THEN GOSUB 8000
END
1000 REM **** input data ****
PRINT "input q ,t(seg)"
FOR X = 1 TO N  
PRINT X;
INPUT Q, T 
Q(X) = Q: T(X) = T 
NEXT X  
RETURN
r e m  m m m m m m m m m m m m m m m m m m m m m m m m m m m #
1100 REM M M M M M M M #  exchange data M M M M M M M M U
r e m  m m m m m m m m m m m m m m m m m m m m m m m m m m m m
INPUT "some data o f t? yes=l no=2 . . MT
IF MT = 2 THEN GOTO 1220
INPUT "how many data NT
FO R X  = 1 TO NT
INPUT "which data o f t T Q
PRINT using" M M . M M  ";T(TQ)
INPUT "new data . . NET: T(TQ) = NET 
NEXT X
1220 INPUT "some data o f q? yes=l no=2 . . QT 
IF QT = 2 THEN RETURN 
INPUT "how many data NQ 
FO R X  = 1 TO NQ 
INPUT "which data o f q WQ 
PRINT using " MUMMM  ";Q(WQ)
INPUT "new data . . NEQ: Q(WQ) = NEQ
NEXT X
RETURN
1500 REM M M M M M M M M M M M M M M M M M M M M M M M U  
REM M M M M M M M # view o f data M M M M M M M
REM M M M M M M M M M M M M M M M M M M M M M M M M M M  
CLS
FO R X  = 1 T O N
PRINT using " MU UUU.UUUUUU M U .M M  " ;X, Q(X), T(X)
NEXT X 
RETURN
1600 REM ******** (Jet o f aq, av *******
FOR X = 1 TO N
AQ = AQ + (Q(X) - JS * T(X))
MLI = R * T(X)
AV = AV + MLI
AQ(X) = AQ: AV(X) = AV: V(X) = (AV + 50) / 1000
vi
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NEXT X 
AV = 0: AQ = 0 
RETURN
2000 rem u m m m u u u m m m m m M u m u m m m m
REM m m m m m  calcule of a and b m m m u m m m m m
rem u u M M u m m u u m m m m m m m m m m m m m m
FOR X = 1 TO N 
B = CV * (50 / (50 + AV(X)))
A = CB * AV(X) / (50 + AV(X))
A(X) = A: B(X) = B 
NEXT X 
RETURN
rem m u u m m m m m m u m m um m m m m m m m m um m m  
8ooo rem m u m m u m  save data m u m m m m u m  
rem
OPEN "O", 1, N$
FOR X = 1 TO N
PRINT #1, B(X), A(X), AQ(X), V(X)
NEXT X 
CLOSE #1
CALL.BAS PROGRAM
1 DIM A(100),B(100),AV(100),AQ(100)5Q(100),T(100),V(100)
10 REM ******* determination of [A],[B],Vacumul, Qacuin **********
15 INPUT"name...." ;N$
17 LPRINT N$
20 INPUT" number of data ";N
30 INPUT "concentration in vessel";CV 
35 LPRINT"concentration in vessel";CV 
40 INPUT'concentration in burette";CB 
45 LPRINT"concentration in burette";CB 
50 INPUT "rate of burette . .. .";R 
60 GOSUB 1000
65 INPUT'do you like to modify data? yes=l no=2";MD
66 IF MD=1 THEN GOSUB 1100:GOSUB 1500:GOTO 65 
70 GOSUB 1600:GOSUB 2000
80 ILE/iM *********** print results *******************
85 REM
90 PRINT " [A], [B], AQ,AV"
100 FORX=l TO N 
110 PRINT A(X),B(X),AQ(X),AV(X)
150 NEXT X
190 LPRINT" Qi ti [Ai] , [Bi] , AQ , AV"
200 FORX=1 TON
Vll
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210 LPRINT Q(X);" ";T(X);H ";A(X);" ";B(X);" ";AQ(X);" M;AV(X)
220 NEXT X
230 INPUT" do you like to save? yes=l no=2";SA 
235 IF SA=1 THEN GOSUB 8000 
250 END
999 REM ***************************************************
1000 REM *********** input data sk*****************
1004 REM ***************************************************
1005 PRINT'input q ,t(seg)
1010 FORX=1 TON 
1020 INPUT Q,T
1030 Q(X)=Q:T(X)=T 
1040 NEXT X 
1050 RETURN
1099 REM ************************************************** 
j[ ^ 00 REM ***^*^**'1'**** cxcli&n^ c dcitci *************
1120 INPUT "some data of t? yes=l no=2 . . ,";MT
1130 IF MT=2 THEN GOTO 1220
1140 INPUT'how many data ..";NT
1150 FOR X=1 TO NT
1160 INPUT'which data oft ...";TQ
1170 PRINT T(TQ)
1180 INPUT "new data . . .";NET:T(TQ)=NET 
1190 NEXT X
1220 INPUT "some data of q? yes=l no=2 . . .";QT
1230 IF QT=2 THEN RETURN
1240 INPUT'how many data ..";NQ
1250 FOR X=1 TO NQ
1260 INPUT'which data of q ...";WQ
1270 PRINT Q(WQ)
1280 INPUT "new data . . .";NEQ:Q(WQ)=NEQ 
1290 NEXT X 
1299 RETURN
1500 REM ************* view of data ***************
1505 REM ****** I***** ****** ********* *** ********* ********** ******* ****** 
1510 CLS
1520 FORX=l TO N 
1530 PRINT X,Q(X),T(X)
1540 NEXT X 
1550 RETURN
1599 REM *************************************************************
1600 REM *************** det of aq av **************
1605 REM ************************************************************* 
1610 FORX=1 TON
1620 AQ=AQ+Q(X)
1630 MLI=R*T(X)
1640 AV=AV+MLI
1650 AQ(X)=AQ:AV(X)=AV:V(X)=(AV+50)/1000
Vlll
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1660 NEXT X 
1670 AV=0:AQ=0 
1680 RETURN
2000 REM determination of a and ta
2005 REM
2010 FOR X=1 TON
2020 B=CV*(50/(50+AV(X)))
2030 A=CB* AV(X)/(50+AV(X))
2040 A(X)=A:B(X)=B 
2050 NEXT X 
2060 RETURN
8000 REM ************** SAVE DATA ************************** 
8005 REM ************************************************************** 
8010 0PEN"0",1,N$
8020 FORX=1 TON
8030 PRINT# 1,B(X),A(X),AQ(X),V(X)
8040 NEXT X 
8045 CLOSE# 1
I X
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A P P E N D I X  3
Computer program for the determination of the thermodynamic parameters of 
interaction of /;-te/*f~butyIcalix[4]arene and t-butylamine.
In this program two processes indicated by eqs. 2.12 and 2.13 were considered.
If Lt is the total concentration of calixarene, Mt the total concentration of amine; L, 
P and E are the equilibrium concentrations of ligand, adduct and the endo-c,dX\x 
complex; respectively , according to the mass balance equation
Lt = L + P + E ( 4 )
Mt = M + P + E ( 5 )
Substitution of eqs 2.13, 4, 5 in eq. 2.12 leads to
Ks = -------------------KeruE------------------- g
(Lt -  K en .E -E ).(M t -  K e n .E -E )
this equation rearranged in the form of a second order equation in function of E (eq.
6) is as follows
Ken
E 2 (1 + Ken)2 - E ((L t + M t).(1 + Ken) -  — ) + LtMt =0 ( 7 )
Ks
This equation can be solved and the concentration of the endocalix complex found. 
Using eq. 2.13 the concentration of the adduct is calculated.
Thus, the heat produced in the reaction is the contribution of two processes: 2.12 
and 2.13. Therefore,
Q = AHS. P . V + AH nd . E . V ( 8 )
where V is the volume of the solution
In eqs. 7 and 8 there are four unknowns AHS > Ks , AHen and Ken. These values 
were calculated using a non-linear regression method by comparing the observed and 
calculated heat ( eq. 10 )
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PRINT " %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%" 
PR IN T " %%%%%% ENDO.BAS %%%%%%%%%%%%%
PRINT " %%%%%% K (l)=  Kadduct; K(2)=Kendo %%%%%%%%%%%%%"
PRINT " %%%%%% K(3)= Hadduct K(4)=Hendp %%%%%%%%%%%%%%
PR IN T " %%%%%% APT 1993 %%%%%%%%%%%%%"
P R IN T " %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%" 
PRINT "DATE DATES;" TIME ";TIME$
INPUT"name................."; N$
INPUT "number o f points..."; MM 
ON K EY(l) GOSUB RUR 
K EY(l) ON
DIM CB(50), CA(50), VO(50)
DIM WW(50), ZZ(50), YAY(50)
DIM A(20, 20), B(20, 20), U(20, 20)
DIM V(20, 20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50), ad(50), en(50)
GOTO 20000: REM jump to the main program 
300 REM **************************************************************
E/l^T s u b ru t ii ic  in vc rs  * * * * * * * * > h* * * * * * * * * * * * *
>!$»(?***************** lDJDDt IllQ-triX 111 ftQ i^fc**^ **^ ************** 
5fSij{5jiJ|ii{<»l»j|»Jk************ I ll& tf lX  ID WQ * * * * * * * * * * * * * * * * * * * * *
FOR 1 = 1  TO N  
FOR J = 1 TO N  
B(I, J) = 0 
V(I, J) = 0
IF I <> J THEN GOTO 600 
B(I, J ) = l  
V(I, J ) = l  
600 NEXT J 
NEXT I
FO RZ = I T O N  
S = 0
RF.M  search fo r  the  p iv o t  e lem ent * * * * * * * * * * * * * *
R E M  i n * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
FOR I = Z TO N  
IF S > ABS(A(I, Z » THEN GOTO 1300 
S = ABS(A(I, Z)): T = I 
1300 NEXT I
R F /M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM ***************** lines z and t will be exchanged **************
REM ***************************************************************
FO RI = 1 T O N  
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z » > IE-30 THEN GOTO 2400
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PRINT " no inversiion is possible END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z, T) = 1: V(T, Z )=  1
REM **************** GAUSS- JORDAN ELIMINATION ********
FOR 1 = 1  TO N  
FOR J = 1 T O N  
IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
U(I, J) = A(I, J) - A(Z, J) * A(I, Z) / A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
U(I, J) = -A(I, J) / A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 /  A(Z, Z)
GOTO 5000 
4500 U(I, Z) = A(I, Z) /  A(Z, Z)
5000 NEXT J: NEXT I
KEM ************* MULTIPLICATION B= V*B **************
FOR I = 1 TO N  
FOR J = 1 TO N  
W(I, J) = 0 
FO RK  = 1 T O N
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
FOR I = 1 TO N: FOR J = 1 TO N  
B(I, J) = W(I, J)
NEXT J: NEXT I 
FOR I = 1 TO N  
FOR J = 1 TO N  
A(I, J) = U(I, J): V(I, J) = 0 
IF I = J THEN V(I, J) = 1 
NEXT J: NEXT I 
NEXT Z
REM ***************************************************************** 
REM ******* Xh e  RESULT IS OBTAINDED BY MULTIPLYING ******* 
REM ******* MATRIX A WITH THE PERMUTATION *** *****
REM ******** MATRIX B **********
REM
FOR I = 1 TO N  
FOR J = 1 T O N  
W(I, J) = 0 
FOR K = 1 TO N
W(I, J) = W(I, J) + A(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS 
12000 REM ********** ********** ***** ********* *********** ********
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REM *********** SUBROUTINE : FUNCTIONS ***********
REM ***** THE FUNCTIIONS, WHOSE ROOTS HAVE TO *****
REM ****** BE CALCULATED, ARE PROGRAMMED HERE ***** 
REM ****** dS/dKfi)
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J = 1 TO N: DJ = ABS(X(J) / 1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) /  2 / DJ 
K(J) = X(J): NEXT J 
RETURN 
l 5000 REM
RTvlVf subroutine*
REM ************ the partial derivatives at the *********
REM ************ position x9() are calculated and *********
RFyM *1*H » ^ H * ^ S t o r e d  ltt ITlcltXlX clQ
r e m ************ d(dS/dK(j))/ dk(i) **********
FOR I = 1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling 
FOR 1 = 1  TO N: F9(I) = F(I): NEXT I 
FOR 13 = 1 TO N: DI = ABS(X(I3) /  10000!) + IE-08 
X(I3) = X(I3) + DI: GOSUB 12000 
FOR J3 = 1 TO N: A (J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) - DI: GOSUB 12000 
FOR J3 = 1 TO N: A (J3,13) = (A (J3,13) - F(J3» / 2 / DI 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A (I3 ,13) = A (I3 ,13) + F6: NEXT 13 
RETURN
19000 REM ****************************************************
T^,RM ********* subroutine * OUPUT
PRINT
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
F O R I =  1 T O N
PRINT USING "K( # )= ####### .##  +/- ";I; X9(I);
PRINT USING " MttMMM ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = MMMAAAA SS
rem PRINT USING "factor UMMU "; SQR(SS / SSD)
PRINT " F l TO STOP"
RETURN
20000 REM ****************************************** **** >!<***
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REM *********** lines z and t will be exchanged **********
REM *********** MAIN PROGRAM **********
N = 4: REM NUMBER OF PARAMETERS 
F F =  1: S M =  1E+30:ITT=1 
GOSUB 25000
PRINT " INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k("; I;
INPUT X(I): X9(I) = X(I): NEXT I 
20400 GOSUB 15000:
REM ********** PARTIAL DERIVATIVES ********
GOSUB 300: REM ***** MATRIX INVERSION *************
FOR I = 1 TO N: H(I) = 0
FOR J = 1 TO N: H(I) = H(I) + W(I, J) * F9(J)
NEXT J: NEXT I
GOSUB 19000: REM output
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
ITT = ITT + 1
IF ITT = EIT THEN GOSUB 55000 
GOTO 20400
REM ******** main program ends here **********
25000 REM ******************************************************* 
REM ************ subroutine: read data ********
OPEN "i", 1, N$
FOR I = 1 TO MM
INPUT #1, CB(I), CA(I), YY(I), VO(I)
NEXT I
QMIN = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP-1
YYX = YY(I) - YY(I - 1): YY(I) = YYX: WW(I) = 1
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLO SE#1
INPUT "do you like to weight the points ..yes=l no=2 WPO
IF WPO = 2 THEN RETURN
FOR I = 1 TO MM: WW(I) = 1: NEXT I
INPUT "how many points NWP
FOR BA = 1 TO NWP
INPUT "which point....... "; OP
INPUT "weight WEI
NWEI=NWEI+WEI
Appendix
WW(OP) = WEI 
AWEI=NWEI :NWEI=0 
NEXT BA 
FOR I = 1 TO MM
PRINT USING " M M M AAA M M U AAA M . M M M  M M  M;CB(I); CA(I), YY(I), 
WW(I)
NEXT I 
RETURN 
30000 REM
REM *********** subroutine: squared sum **********
r e m  ********** the sum o f the squared deviations **********
r e m  ********** is evaluated in this section **********
SS = 0
FOR I = 1 TO MM 
GOSUB 50000: Y(I) = Y: Y = Y - YY(I)
SS = SS + WW(I) * Y * Y: SSD = YY(I) * YY(I) * WW(I)
NEXT I 
RETURN
35000 REM ********************************************************* 
r e m  ********* Subroutine: optimum ***********
REM ********* the optimization factor ff  is determinated here ********
FF = .6: FM = 0: DF = .5 
35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(I) =  X9(I) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN
50000 REM *************************************************** 
r e m  ******** subroutine : function o f regression *********
REM^  ******************************************************** 
aa= l+k(2)
bb= (ca(i)+cb(i))* (1 +k(2))-k(2)/k( 1) 
cc=ca(i)*cb(i)
en=(bb-sqr(bbA2-4*aa*cc)/(2*aa)
ad=k(l)*en
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en(i)=en:ad(i)=ad
zad=(k(3 ) * (ad(i) * vo(i)-ad(i -1) * vo (i-1)) 
zen=(k(4)*(en(i)*vo(i)-en(i- l)*vo(i-1)) 
y=zad+zen 
yay(I)= y
ZZ(I) =  conc:ZZZ = conc*vo(i)- ZZ(I - l)*vo(i-l)
Y =  ZZZ * K(2): YAY(I) = Y 
RETURN
55000 REM ******** PRINT YCAL YOBS ***********
LPRINT
LPRINT" PROGRAM KHNLR3 APT(1992) A + B = C K(1) = K K(2) = H  
LPRINT N$
PRINT" Q cal Qobs Qcal-qobs"
LPRINT "I Q cal Qobs Qcal-qobs % error"
FOR I = 1 TO MM 
ERRO = YAY(I) - YY(I)
PRINT USING " ##.##### M.mm tm.mm ";YAY(I); YY(I); YAY(I) - YY(I) 
LPRINT USING " M Mtt.MM# UMMM# MMMM M.UM #M M 
";I;YAY(I);YY(I);ERRO;ABS(100 * ERRO / YAY(I));WW(I)
NEXT I
FOR I = 1 TO N
LPRINT USING " K( # ) mMMMM ";I; X9(I); 
lprint"+ /
LPRINT U SIN G " mMMM "; SQR(ABS(W(I, I) * SS / (NP - N)))
NEXT I
LPRINT USING " SUM OF SQUARED ERRORS = M#MMAAAA SS 
HFR=SQR(SS/SSD)
LPRINT USING " factor #.##### "; hfr ; 
rem LPRINT " ( "; N; " , MM - N ; " )"
RETURN
RETURN
RETVT****************************************************************
60000 REM *************** graph ***********************
REM
SCREEN 1 
CLS
VIEW (10, 10)-(300, 140),, 1
WINDOW (0, QMIN* 1.08 )-(MM*1.08, QMA * .9)
FOR I = 1 TO MM 
PSET (I, YY(I)), 3 
PSET (I, Y(I)), 1 
NEXT I 
RETURN 
REM ***************************
RUR:
INPUT " PRINT YES=1 NO=2 ";UTR 
IF UTR=1 THEN GOSUB 55000 
END
xvi
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A P P E N D I X  4
KHNLR3.BAS program  for the determ ination of K and  AH fo r a  1:1 
com plexation  p ro cess .
This program is written in TURBO.BASIC and is used to determine simultaneously
the enthalpy and the equilibrium constant for a 1:1 complexation process using
titration calorimetry. The program consider the following equilibrium.
A + B C ( 9 )
the apparent equilibrium constant K for this process is given by
K =  [C]' ( 1 0 )
The mass balance equations are:
At ( i ) = [A] i + [C] i ( 1 1 )
Bt ( i ) = [B] i + [C] i ( 12)
combining eqns 10, 11 and 12 it follows that,
K  = -------------------   ( 1 3 )
( 4r(0 -[C ],).(B t(/ )-[C ]0
Rearrangement of eq. 13 gives
VAL = ( A t ( i ) - [ C V ) . ( B t ( i ) - [ C y )  ( 14)
K.
[Q f  -  [At(0 + Btco + y K ][Q] + At(i) + Bt0) = 0 ( ! 5 )
At (/) + Bt(i)  + VK - J ( A t  (/) + Bt(i)  + V r ) -  4- At (i).Bt(i)  
f C]i = -------------------- 7A__V----------------------/ A ----------------------- ( 16)
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[C]i is the concentration of the complex for i -step.
The heat associated with each i-step of the reaction is related to [C]i by:
Qi = AH [C]i. Vi ( 1 7 )
AH is the enthalpy of the reaction and Vi is the volume in the i-step
The KHNLR3.BAS program was developed to determine simultaneously K and AH 
from titration calorimetry. This program uses the non-liner regression method to 
minimize eq. 17 .
This is programmed in line 50000. Some additions were made on the original 
program of minimisation2:
The reading of data (line 25000) is made from the file that was previously saved with 
the CALLA.BAS or CALL.BAS programs (APPENDIX 1.) In these programs, the 
accumulative heats are saved; the accumulative heat is converted to non- 
accumulative, therefore, the heat error is not accumulated.
The program uses the weighing sum of square errors (20)
S -  j(Q(i)theor -  <9(0 exp)^ ( 18 )
i=i
The calculation involves the following steps :
a) Assumption of initial values ofK and AH
b) Calculation of the concentration of each species in the reaction vessel at each data 
point using the assumed K value
c) Calculation of the heat in each step (O(i)theor) corresponding to a assumed AH 
value using eq. 17
xix
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d) Evaluation of the weighing sum of square errors ( eq. 20 )
e) Recalculation of steps b, c and d using new K and AH values calculated by the 
program.
Values of K and AH reaction are obtained when the sum of square errors (eq. 18) 
is a minimum.
With the KNLR3.BAS program, it is possible to follow the minimization graphically. 
The subroutine in 60000 display on the screen the points (Q(i)exp, step(i)) and 
(Q(i)calc,step(i)) .
- After pressing FI, the program prints out on a paper the results of Q(i)exp, 
Q(i)calc, percentage of error, weight and step number; and final AH and K values.
LPRINT " PROGRAM KHNLR3.BAS (APT 1992) A + B = AB K(I)=K K(2)= H
RRM ********************************************************************
KEY OFF 
SCREEN 0, 0, 0 
COLOR 14,12 
CLS
PRINT " %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%" 
PRINT " %%%%%%%%%%%% PROGRAM KHNLR3 %%%%%%%%%%%%% 
PR IN T " %%%%%%%%%%%% A + B = AB %%%%%%%%%%%%%" 
PRINT " %%%%%%%%%%% k(l)=  K k(2)= H %%%%%%%%%%%%%% 
PR IN T " %%%%%%%%%%% APT 1993 %%%%%%%%%%%%%"
PR IN T " %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%" 
PRINT " DATE "; DATES;" TIME ";TIME$
INPUT’name................."; N$
INPUT "number o f points..."; MM 
ON KEY(l) GOSUB RUR 
K EY(l) ON
DIM CB(50), CA(50), VO(50)
DIM WW(50), ZZ(50), YAY(50)
DIM A(20, 20), B(20, 20), U(20, 20)
DIM V(20, 20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50)
GOTO 20000: REM jump to the main program
xx
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300 REM
|^  |fy j\/t »f'^ k'l*H'»k^H*H'H*H*H'»1'H»»kH»H»*i*'HH* SllblTltinC mvers 5fcH»H'»i'H''fcH''f»H*H»H'*l»*i*'i»H»*f'H»'fcH''f»H'*fc
J?|Y| ^^ c?l?»k8cs{t^ c^ <^ j>{c«kH'^ 'k»i^ H»*lk^ f’’lH lllpllt 1113-triX 111 ftQ 5{»5f:i|?J|tJl{sk*|c5|c5l5 5l»5il*'{'*fc*l'*fcH*H'H’H»H'«l'Hf*
|g^ |y| my0]*[0(| lUcltriX ID w Q
FOR I = 1 TO N  
FOR J = 1 TO N  
Bfl, J) = 0 
V(I, J) = 0
IF I <> J THEN GOTO 600 
Bfl, J) = 1 
V(I, J) = 1 
600 NEXT J 
NEXT I
FOR Z = 1 T O N
s = 0
RJElVf search for the pivot element
FOR I = Z TO N
IF S > ABS(A(I, Z)) THEN GOTO 1300 
S = ABS(A(I, Z)): T = I 
1300 NEXT I
p iyi lines z and t will he exchanged
FOR I = 1 TO N
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z)) > IE-30 THEN GOTO 2400 
PRINT " no inversiion is possible ": END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z, T) = 1: V(T, Z) = 1
REM **************** GAUSS- JORDAN ELIMINATION ******** 
REM **************************************************************** 
FOR I = 1 TO N  
FOR J = 1 T O N  
IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
Ufl, J) =  Afl, J) - A(Z, J) * Afl, Z) / A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
Ufl, J) = -Afl, J) / A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 / A(Z, Z)
GOTO 5000 
4500 Ufl, Z) = Afl, Z) / A(Z, Z)
5000 NEXT J: NEXT I
REM ***************************************************************
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r e m  ************* MULTIPLICATION B= V*B **************
FOR I = 1 TO N  
FOR J = 1 TO N 
W(I, J) = 0 
FO RK  = 1 TO N
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
FOR I = 1 TO N: FOR J = 1 TO N  
B(I, J) = W(I, J)
NEXT J: NEXT I 
FOR I = 1 TO N  
FOR J = 1 TO N  
A(I, J) = U(I, J): V(I, J) = 0 
IF I = J THEN V(I, J) = 1 
NEXT J: NEXT I 
NEXT Z
REM ******* THE RESULT IS OBTAINDED BY MULTIPLYING ******* 
r EM ******* MATRIX A WITH THE PERMUTATION *** *****
r e m  ******** MATRIX B **********
FOR I = 1 TO N  
FOR J =  1 TO N  
W(I, J) =  0 
FOR K = 1 TO N
W(I, J) = W(I, J) + A(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS 
12000 REM ***************************************************** 
r e m  *********** SUBROUTINE * FUNCTIONS *********** 
r e m  ***** THE FUNCTIIONS, WHOSE ROOTS HAVE TO *****
REM ****** BECALC ILATED, ARE PROGRAMMED HERE *****
REM dS/dK(j) *******
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J =  1 TO N: DJ = ABS(X(J) / 1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) / 2 / DJ 
K(J) = X(J): NEXT J 
RETURN
15000 REM ***************************************************** 
r e m  ************ subroutine: partial *********
r e m  ************ the partial derivates at the *********
REM ************ position x9() are calculated and *********
REM ************ stored in matrix a() *********
r e m ************ d(dS/dK(j))/ dk(i) **********
REM ****** **************************************************
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FOR I = 1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling 
FOR I = 1 TO N: F9(I) = F(I): NEXT I 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) + DI: GOSUB 12000 
FOR J3 = 1 TO N: A (J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) - DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3, 13) = (A (J3,13) - F(J3)) / 2 / DI 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A (I3 ,13) = A (I3 ,13) + F6: NEXT 13 
RETURN
19000 REM ****************************************************
REM ********* subroutine * OUPUT1
R E M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
PRINT
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
FOR I = 1 TO N
PRINT USING "K( # )= M M M U M  +/- ";I; X9(I);
PRINT USING " M M M # M  ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = M M M AAAA SS 
rem PRINT USING "factor MMM SQR(SS / SSD)
PRINT " FI TO STOP"
RETURN
20000 REM **************************************************
REM *********** lines z and t will be exchanged **********
REM *********** MAIN PROGRAM *>15********
N  = 2: REM NUMBER OF PARAMETERS 
FF = 1: SM = 1E+30:ITT=1 
GOSUB 25000
PRINT " INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k("; I; ")=";
INPUT X(I): X9(I) = X(I): NEXT I 
20400 GOSUB 15000:
R E M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM ********** PARTIAL DERIVATIVES ********
REM *****************************************************
GOSUB 300: REM ***** MATRIX INVERSION *************
FOR 1 = 1  TO N: H(I) = 0
FOR J = 1 TO N: H(I) = H(I) + W(I, J) * F9(J)
NEXT J: NEXT I
GOSUB 19000: REM ouput
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
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ITT = ITT + 1
IF ITT = EIT THEN GOSUB 55000 
GOTO 20400
REM ******** main program ends here **********
25000 REM *******************************************************
REM ************ subroutine: read data ********
REM! *********************************************************
OPEN "i", 1, N$
FOR I = 1 TO MM
INPUT #1, CB(I), CA(I), YY(I), VO(I)
NEXT I
QMIN = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP -1
YYX = YY(I) - YY(I - 1): YY(I) = YYX: WW(I) = i
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLO SE#1
INPUT "do you like to weight the points ..yes=l no=2 WPO
IF WPO = 2 THEN RETURN
FOR I = 1 TO MM: WW(I) = 1: NEXT I
INPUT "how many points NWP
FOR BA = 1 TO NWP
INPUT "which point OP
INPUT "weight "; WEI
NWEI=NWEI+WEI 
WW(OP) = WEI 
AWEI=NWEI :NWEI=0 
NEXT BA 
FOR I = 1 TO MM
PRINT USING " MMMAAA MMMAAA M.MMM M.M ";CB(I); CA(I), YY(I), 
WW(I)
NEXT I 
RETURN
30000 REM *********************************************************** 
r e m  *********** subroutine: squared sum **********
r e m  ********** foe sum o f the squared deviations **********
r e m  ********** is evaluated in this section **********
ss = o
FOR 1 = 1  TO MM 
GOSUB 50000: Y(I) = Y: Y = Y - YY(I)
SS = SS + WW(I) * Y * Y: SSD = YY(I) * YY(I) * WW(I)
NEXT I 
RETURN
35000 REM ********************************************************* 
r e m  ********* Subroutine: optimum ***********
r e m  ********* the optimization factor ff  is determinated here ********
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RF.M ************************************************************
FF =  .6: FM = 0: DF = .5 
35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(I) = X9(I) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN
50000 REM ***************************************************
REM ******** subroutine : function o f regression *********
abk=ca(i)+cb(i)+1 /k( 1) :ac4=4*(ca(i)*cb(i)) 
conc=(abk-sqr(abkA2-ac4))/2
ZZ(I) = conc:ZZZ = conc*vo(i)- ZZ(I - l)*vo(i-l)
Y = ZZZ * K(2): YAY(I) = Y 
RETURN
55000 REM ******** PRINT YCAL YOBS ***********
LPRINT
LPRINT" PROGRAM KHNLR3 APT(1992) A + B = C K(1) = K K(2) = H 
LPRINT N$
PR IN T" Q cal Qobs Qcal-qobs"
LPRINT " I Q  cal Qobs Qcal-qobs % error"
FOR I = 1 TO MM 
ERRO = YAY(I) - YY(I)
PRINT USING " MMMM MMMM MttMMM ";YAY(I); YY(I); YAY(I) - YY(I) 
LPRINT USING " M M#MMM MtiMMM MMMM# MMM #M# M 
";I;YAY(I);YY(I);ERRO;ABS(100 * ERRO / YAY(I));WW(I)
NEXT I
FOR I = 1 TO N
LPRINT USING " K( U ) MMMM#M# ";I; X9(I); 
lprint"+ /
LPRINT USING " MMMUMU "; SQR(ABS(W(I, I) * SS / (NP - N)))
NEXT I
LPRINT U SIN G " SUM OF SQUARED ERRORS = M#MMMAAA "; SS 
HFR=SQR(SS/SSD)
LPRINT USING" factor 4MMM hfr ;
rem LPRINT " ( "; N ; " , MM - N ; " )"
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RETURN
RETURN
* * * * * * * * * * * * * * * * * *jc * * * * * ***** * * ************* * * * * * * * * * * * * * * * * * * * * *
60000 REM *************** graph ***********************
REM **************************************************************** 
SCREEN l:cLS 
VIEW (10, 10)-(300, 140),, 1 
WINDOW (0, QMIN* 1.08 )-(MM*1.08, QMA * .9)
FOR I = 1 TO MM 
PSET (I, YY(I)), 3 
PSET (I, Y(I)), 1 
NEXT I 
RETURN 
REM ***************************
RUR:
INPUT " PRINT YES=1 NO=2 ";UTR:IF UTR=1 THEN GOSUB 55000 
END
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A P P E N D I X  5
The POTK123 program for the determination of stability constants using the 
potentiometric double competitive method.
The program was written in BASIC. The mathematical treatment for the 
determination of equilibrium constants is indicated in Chapter 2
ft pO t C n t l O H l S t r i C  det o f KI K.2 K3
REM ******* double competitive new method 12/05/93 *************
DIM ml(150), agt(150), crt(150), mt(150), e(150), agcr(150), mcr(150), crm(150)
DIM kl(150), mf(150), k2(150), ag(150), k3(150), crf(150), mv(150), cxt(150), dvml(l50) 
DIM cxm(150), cxf(150)
ftjpjYi ory *!"* cryA^ IC.1 ^^ ^^ H12^ ^ ^ ^ ^
N  = 2 
COLOR 13
PRINT " ********************************************************* ••
P R IN T 11 *********** Cry + Ag = CiyAg kl *************"
PRINT 11 ************************************************* *******••
COLOR 7 
na$ = ".ikl" 
nb$ = "1"
PRINT " d ate DATES;
PRINT " starting tim e "; TIMES
INPUT " print results yes = 1 no= 2 "; opr
REM :INPUT " save results yes =1 no=2 "; pre 
INPUT " derivatives yes=l no=2 neu 
INPUT "name ...."; N$
INPUT " data in ml = 1 units = 2 "; ttr 
rate = .0033316 
slope = 60.04611
INPUT " input mvO "; mvO
INPUT" [ A g]0  .........."; agO
INPUT "concentration o f cryptand [Cry]0 . . ."; CR0
INPUT " initial volumen V 0 ................. "; vO
GOSUB 500 
COLOR 11
PRINT" Agcry Cry Ag KI "
COLOR 7 
FOR I = 1 TO N  
crt(I) = ml(I) * CR0 / (ml(I) + vO)
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GOSUB 2000 
GOSUB 1000 
agcr(I) =  agt(I) - ag(I) 
crf(I) = crt(I) - agcr(I) 
kl(I) = agcr(I) / crf(I) / ag(I)
PRINT USING " UU MU#UAAAA #U.U#UUAAAA #U.UUMAAAA MMMUUAAAA agcr(I); 
crf(I); ag(I); kl(I)
NEXT I
IF opr = 1 THEN GOSUB 5000 
IF pre = 1 THEN GOSUB 8000 
EM Qj^ y 0. K2
COLOR 13 
PRINT 
PRINT "
PR IN T " ******** m  + CRY = MCRY K2 **********"
PRINT " !t:********************************************************,,
COLOR 7
na$ = ".ik2" 
nb$ ="2" 
agO = agt(N) 
vO = vO + ml(N)
CR0 =  crt(N)
PRINT
PRINT USING " Ag0= #U.UUUAAAA crO = ##.#U#AAAA V0 = MUM# agO; CR0; vO 
INPUT" K1  kl
INPUT " concentration o f M M 0........................mO
PRINT 
GOSUB 500 
COLOR 11
PR IN T " MCry M Cr Ag K2 "
COLOR7
FOR I = 1 T O N  
GOSUB 1000 
GOSUB 2000 
GOSUB 3000
mt(I) = ml(I) * mO / (ml(I) + vO)
agcr(I) = agt(I) - ag(I) 
crf(I) =  agcr(I) /  ag(I) /  kl
mcr(I) = crt(I) - crf(I) - agcr(I) 
mf(I) = mt(I) - mcr(I) 
k2(I) =  mcr(I) /  mf(I) / crf(I)
PRINT USING " UU.UUU#AAAA UU.UUU#AAAA M.M##AAAA #U.U##UAAAA
UU.#U#UAAAA mcr(I); mf(I); crf(I); ag(I); k2(I)
NEXT I 
COLOR 13
IF opr = 1 THEN GOSUB 6000 
PRINT
P R IN T " ************************************************************
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PR IN T " ********** m  + calix = Mcalix k3 * ************"
PR IN T " ***********************************************************"
COLOR 7 
nb$ ="3" 
na$ = ".ik3" 
vO = vO + ml(N) 
agO = agt(N)
CRO = crt(N) 
mO = mt(N)
PRINT USING " AgO= M.#MAAAA crO = # # J # # AAAA mtO= MM#AAAA vO= ##.###
agO; CRO; mO; vO
INPUT " K 2 ...................";k2
INPUT " CONCENTRATION OF CALIXA RENE "; CXO
GOSUB 500 
COLOR 11
P R IN T " Mcalix Mfree calixfree K3 "
FOR I = 1 TO N
cxt(I) = CXO * ml(I) / (ml(I) + vO)
GOSUB 1000
GOSUB 2000
GOSUB 3000
GOSUB 4000
agcr(I) = agt(I) - ag(I)
crf(I) = agcr(I) / ag(I) / k l
crm(I) = crt(I) - crf(I) - agcr(I)
mf(I) = cmi(I) /  k2 / crf(I)
cxm(I) = mt(I) - mf(I) - crm(I)
cxf(I) =  cxt(I) - cxm(I)
k3 = cxm(I) / (cxf(I) * mf(I)): k3(I) = k3
PRINT USING " MttMAAAA MMMAAAA MMMAAAA MMM#AAAA "; cxm(I); mf(I); 
cxf(I); k3 
NEXT I
IF opr = I THEN 7000 
END
^qq f m  input exchange
INPUT "data from file = 1 keyboard = 2 "; IDF 
IF IDF = 1 THEN GOSUB 10000: GOTO 510 
GOSUB 600 
PR IN T " gosub 700"
510 GOSUB 700 
GOSUB 800 
GOSUB 700 
GOSUB 800
IF ttr = 2 AND IDF = 2 THEN GOSUB 750 
GOSUB 700
XXIX
IF neu = 1 THEN GOSUB 11000 
INPUT "save data yes = 1  no = 2 sda 
IF sda = 1 THEN GOSUB 9000 
IF neu = 1 THEN GOSUB 11000
RETURN
REM ***************************************************** 
^qq ~R L.lvr *************** Input data ******************* 
rEM***** ************************************** *********** 
INPUT " number o f data N 
COLOR 14
PRINT " input mv and ml ( mv,ml) "
COLOR 7 
FOR r = 1 T O N  
COLOR 14 
PRINT r; "
COLOR 7 
INPUT mv, ml 
mv(r) = mv: ml(r) = ml 
NEXT r 
RETURN
700 REM ************* view data **************
COLOR 11 
PRINT
PRINT " # mv ml "
COLOR 7 
FOR r = 1 TO N
PRINT USING " M UMM.M MMMM"; r; mv(r); mi(r)
NEXT r
RETURN
multiply |)y I* cite
FOR r = I TO N  
ml(r) = inl(r) * rate 
NEXT r 
RETURN
Q^Q jRJEIVI 6XCll8fl^ C dcltfl s,l!»5i<JfcH4Jl{5fc5k»kik5kHS5k'ik
ftjgjyj ****************************************************
INPUT "do you like to modify data yes=l no=2..."; ed 
IF ed = 2 THEN RETURN
INPUT "change values o f mv yes=l no=2 . . ."; cm
IF cm = 2 THEN GOTO 820
INPUT " How many values o f mv"; nm
FOR 1 = 1 TO nm
INPUT " which va lue "; tt
PRINT mv(tt);
Appendix
INPUT " new value o f mv . i nm 
mv(tt) = inm 
NEXT 1
820 INPUT " How many values o f ml."; nml 
FOR 1 = 1 TO mill 
INPUT " which value o f ml . ."; tt 
PRINT ml(tt)
INPUT " New value o f m l. ."; inm 
ml(tt) = inm 
NEXT 1 
RETURN
1000 REM ************* Det o f Ag free ****************
REM ****************************************************** 
ag(I) = 10 A ((mv(I) - mvO) / slope)
RETURN
2000 REM ************* det ^gt ****************
agt(I) =  agO * vO / (ml(I) + vO)
RETURN
3000 REM ************ det cry tot *********** 
crt(I) = CR0 * vO / (mi(I) + vO)
RETURN
4000 REM ********** det o f M tot ************ 
mt(I) =  mO * vO / (ml (I) + vO)
RETURN
5000 REM print lei
LPRINT
LPRINT" name. . . . ";N$
LPRINT DATES, TIME$
LPRINT USING" mvO = MMM v 0 =  MUM"; mvO; vO 
LPRINT
LPRINT" *******************************************************************" 
LPRIN T" ************ 4  Cry — A^cry 1^ 1 *********<*
LPRINT " ******************************************************************M 
LPRINT
LPRINT USING " [Cryptand]= UUMUUAAAA CR0
LPRINT USING " [ Ag ]0 = UUMUUAAAA................. "; agO
LPRINT" [Agcry] [Cry] [Ag] K l "
FOR 1 = 1 TO N
LPRINT USING " UUMUUAAAA UUMUUAAAA UUMUUAAAA UUMUUAAAA "; agcr(l); 
crf(l); ag(l); k l(l)
NEXT 1 
RETURN
REM ***************************************************
6000 REM ************** lprint K2 **************
LPRINT" ***********************************************************"
LPR INTM********** M + CRY = MCRY K2 **********"
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LPRINT "************************************************************"
LPRINT USING " AgO = MMMAAAA crO = ##.###AAAA v0 = MM# "; agO; CRO; 
vO
LPRINT USING " concentration o f M MMMMM mO
LPRINT USING " K l = .......... MMMMAAAA "; kl
LPRINT
LPRINT" [Agcry] [cry] [Metal] [Ag] K2 "
FOR 1 = 1 TO N
LPRINT USING " MMMAAAA MMMAAAA M.MMAAAA MMMAAAA
MMM#AAAA "; mcr(l); mf(l); crf(I); ag(l); k2(l)
NEXT 1 
RETURN
7000 REM ****************** lprint k3 ***********************
LPRINT "******************************************************1 
LPRINT II $$:{'$***** M + CX = MCX . . . K3 ***********"
LPRINT "******************************************************”
LPRINT USING " AGO = M.M#AAAA CRO = MM#AAAA M0S= MMMAAAA V0= 
MMM "; agO; CRO; mO; vO
LPRINT USING " CONCENTRATION OF CX MMM#AAA CXO
LPRINT USING " K2 = MMMM#AAAA ..................... k2
LPRINT
LPRINT "[CxM] [CX] [M ]  [Ag] K3"
FOR 1 = 1 TO N
LPRINT USING " MMM#AAAA MMM#AAAA MMM#AAAA MMM#AAAA MMM#AAAA 
"; cxm(l); cxf(l); mf(l); ag(l); k3(l)
NEXT 1
END
RETURN
8000 REM save results IC1
OPEN "o", 1, N$ + na$
FOR nn = 1 T O N
PRINT #1, mv(nn), agt(nn), crt(nn), ag(nn), crf(nn), kl(nn)
NEXT nn 
RETURN
9000 REM ************* save data ***********************
CLO SE#1
OPEN "o", I, N$ + na$ + "D"
FOR mm = 1 TO N 
PRINT #1, mv(mm), ml(mm)
NEXT mm 
CLO SE#1 
RETURN
REM ************************************************************
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10000 REM read data
PRINT N$ + na$ + "D"
CLO SE#! 
mm = 0
OPEN "i", 1, N$ + na$
10010 mm = mm + 1
INPUT #1, mv(mm), ml(mm)
IF EOF(l) THEN GOTO 10020 
GOTO 10010 
10020 N  = mm 
CLOSE#1 
RETURN
RE1VT *********************************************************** 
 ^1000 R^^M ^************* equivalence point sksfcsksk*********** 
REM *********************************************************** 
p$ = ".dr"
FOR mm = 1 T O N  
nwmm = mv(mm)
IF nwmm = mv(mm - 1) THEN nwmm = nwmm + (nwmm * .0001) 
dvml(mm) = (nwmm - mv(mm -1) )  /  (ml(mm) - ml(mm - 1))
NEXT 111111
INPUT "save derivative points  yes=l no=2 "; sdp
IF sdp = 2 THEN RETURN 
CLOSE #1
OPEN "o", 1, N$ + p$ + nb$
FOR mm = 1 T O N
PRINT #1, ml(mm), dvml(mm)
NEXT mm 
CLO SE#1 
RETURN
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A P P E N D I X  6
Simulation programs for the determination of equilibrium constants by the 
potentiometric double competitive method.
In order to obtain the optimum concentrations to be used in the double competitive 
potentiometric method, simulation programs were developed. In these programs 
graphs showing hypothetical titration curves for different K values are displayed. 
Concentration and volumes of the titrant solution can be changed in order to obtain 
the best curve.
The Nernst’ equation was used to convert concentration of free silver in voltages.
c l -  Simulation program for the detemination o f  silver cryptate complex JA gC ry]  
(K i)- The equilibrium constant for the formation of silver cryptate is;
in eq. 19, Ag and Cry are the concentrations of free silver and cryptand; 
respectively.
Taking the mass balance equations, the total concentration of silver [Ag ] is given
K  [AgOy
1 Ag) . Cry
( 19)
+
( 2 1 )
Taking into account eq 19 eq 20 it follows that
[Ag+ ]t = [Ag*], + K , . [Ag*],. Cry ( 2 2 )
+.
[Cry]t = Cry + ^ . [ A g ^ . C r y
Therefore,
( 2 3 )
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Cry = - ( 2 4 )[Cryjf 
l + ^ i- [A gT  
From eqs. 18 and 20, it follows that,
r , +1 r ,  +1 , Kl{Ag+]f  . [Cry],
[4g L = [4g ] / + .... :  -----  ( 25 )
'  7 1 + S i.[4 g + ]/
K,[Ag+]f2 + [ Ag] f . ( Kf . [Cry]t + 1 - [Ag+], [C ry],) - [Ag+], = 0 ( 2 6 )
Solving this quadratic equation, the concentration of free silver was calculated. 
DIMMV(50, 50)
pPM *********** SIMULATION ^HtHt****************
REM ********** AG + CRY = AGCRY = KI ******************
INPUT "NAME "; N$
AGO = .0002036: REM ****** initial concentration of Ag **********
CRO = .0047: REM ****** initial concentration of cryptand **********
ML = 2: REM ********** total volumen of titrant *********
nk = 7: REM ***** TOTAL INCREMENTS OF KI (10AIN) *********
K1I = 100!: REM ****** INITIAL KI = K1I*10 *********
yQ s  26 46" REM H5 final vol
g|-p j[* step ^^ ^^ »j*^
FOR i = .1 TO ML STEP stp 
FD = vO / (vO + i)
agt = AGO * FD: crt = CRO * i / (vO + i)
FORy = 1 TOnk 
KI =K1I* 10 Ay 
GOSUB 1000
MV(i, y) = MV: CR = crt / (1 + KI * Ag)
GOSUB 4000 
NEXTy 
NEXT i 
GOSUB 5000 
REM GOSUB 3000
INPUT " final concentrations .. yes =1 no=2 fic 
IF fic = 1 THEN GOSUB 6000
END
1000 REM ********* CALCULES sk**********************
REM **********************************************************
Bl = 1 + KI * crt - KI * agt 
C 1 = agt
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Ag = (-B1 + SQR(B1 A 2 •+• 4 * Al * Cl)) / (2 * Al)
MV = 123 + 59.2 / 2.314 * LOG(Ag)
RETURN
3000 REM **** **** SAVE RESULT ************************
OPEN "0", 1, "\QUATTRO\" + N$
PRINT #1, AGO, CRO, K1I * 10 
FOR y = I TO nk 
FOR i = 1 TO ML STEP stp 
PRINT #l , i ,  MV(i, y)
NEXT i
NEXTy
RETURN
4000 REM ******** POINTS *****************
REM ******************************************************
SCREEN 7
VIEW (5, 5)-(300, 150),, 14 
WINDOW (0, -50)-(ML + stp, -850)
PSET (i, MV(i, y)), 15 - y 
RETURN
5000 REM "VIOW port
rem VIEW PRINT 21 TO 24
PRINT " Ki="; KI /10 A (nk - 1);" Kfr="; KI
RETURN
REM ******************************************************
6000 REM ********* print final concentrations ***********
PRINT " [agt]"; agt, "[crt]"; crt," V f v O  + i 
RETURN
b.- Simulation program fo r  the determination o f metal-ion cryptate complex, 
[XTCry) (K2).-
The equilibrium constant of formation of metal-ion cryptate complex is
_ \M _Cry\_ ( 27 )
[M +].[Cry]
In eq. 27, M+ represents the concentration of free metal in solution
Taking into account mass balance equations, the following expressions are derived :
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[Ag+], = [Ag ]f + K, [ Ag ]f . Cry ( 2 8 )
[Cry], = Cry + K J A g + .C ry  + K,. Cry . M+ ( 2 9 )
[M+], = M+ + Kr  Cr y . M* ( 3 0 )
where [M+]t is the total concentration of metal. Therefore,
M + = J ;V/ ' ( 31)
\ + K2.C ry
From eqs. 29 and 31, it follows that
[Cry], = O y  + K l .(Ag+]t . C ry t (32)
1 + a 2 . Cry
[ < * ] , -  ( ” )
1 + Ay.Cry 1 + a 2 . Cry
Rearrangement of eq 33 leads to eq 34.
Cry3+Cry2(K1K2+K2.[Agt]l-[Cry]t)+Cry.(l+K1[Ag+]l-K2[Cry]l- K2Cryt) - Cr,= 0 ( 34 
)
This third order equation was solved using the Newton and Ramson method.
DIM MV(50, 50), na(50, 50), AG(50, 50), cr(50, 50)
REM ******** SIMULATION COX METHOD ************ 
REM :(: $:[:**** AG + CRY = AGCRY Kl ************ 
REM ******* NA + CRY = NACRY K2 ************
REM ****************************************************
Kl = 1 8E+07- REM***** Kl= AgCRY ************************ 
K2I = 1000!: REM ******* INITIAL VALUE OF K2= K2*10 ******* 
NK = 9: REM ******** number of incremets of k2: k2F=K2*10A5 *** 
CRO = .000243 
NA0 = .0025 
AGO = .0000937
ML = 4: REM $H:**** ML OF NA0 ****************************** 
vO = 32.5 
stp = .2
FOR i = .1 TO ML STEP stp
FD = vO / (vO + i)
crt = CRO * FD: agt = AGO * FD: nat = NA0 * i / (vO + i)
FOR Y = 1 TO NK 
K2 = K2I * 10 AY
xxxvii
Appendix
GOSUB 1000 
ii = 10 * i
MV(ii, Y) = MV: na(i, Y) = na: AG(i, Y) = AG: cr(i, Y) = cr 
GOSUB 2000 
NEXTY 
NEXT i 
GOSUB 2000 
GOSUB 5000
INPUT " SAVE YES=1 NO=2 SR
IF SR = 1 THEN GOSUB 6000
INPUT " final concentration yes=l no=2 fic
IF fic = 1 THEN GOSUB 7000
END
1000 REM ******** CALCULES ******************* 
cr = crt 
CA = KI * K2
CB = KI + K2 + KI * K2 * agt + KI * K2 * nat - KI * K2 * crt 
CC = 1 + KI * agt + K2 * nat - KI * crt - K2 * crt 
CD = crt
1500 FF = CA * cr A 3 + CB * cr A 2 + CC * cr - CD 
DFF = 3 * CA * cr A 2 + 2 * CB * cr + CC 
crl = cr - FF / DFF
IF ABS(crl - cr) > IE-11 THEN cr = crl: GOTO 1500 
AG = agt / (1 + KI * cr) 
na = nat / (1 + K2 * cr)
MV = 123 + 59.2 / 2.3026 * LOG(AG)
RETURN
2000 REM ******* GRAPH *******************
SCREEN 7
VIEW (5, 5)-(300, 150),, 1 
WINDOW (0, -50)-(ML + stp, -450)
PSET (i, MV(ii, Y)>, 15 - Y 
RETURN
5000 REM ************** VIEW PORT **********
rem VIEW PRINT 21 TO 24 
locate 21,1 
PRINT "KI ="; KI
PRINT "Ki="; K2 / 10 A (NK - 1);" K f="; K2 
RETURN
6000 REM ********* SAVE RESULT ***********
REM[ ************************************************** 
INPUT "NAME ...."; N$
OPEN "O", 1, "\QUATTROY! +N$
xxxviii
Appendix
PRINT #1, AGO, CRO, NAO, K2I * 10 
FOR Y = 1 TONK
FOR i = .1 TO ML STEP stp 
ii = i * 10
PRINT #l , i ,  MV(ii, Y)
NEXT i 
NEXTY 
RETURN
7000 REM *********** gnaj concentration
RF.M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c.- Simulation program fo r  the determination o f the equilibrium constant o f  the 
metal-ion-calixarene ester complex, [M*Calix], (KJ. -
The equilibrium constant K3 is defined as
From mass balance equations, the following equations were derived:
In eq. 39, [Calix]t and Calix are the total and free concentrations of calixarene ester; 
respectively.
Rearrangement of eq. 39 and 35 leads to eq. 40
From eq 36, it follows that,
PRINT "[agt] "; agt, "[crt]"; crt, "[MET] "; nat; " v f v O + i
[M +Calix] ( 3 5 )
[Ag+]t = [Ag ]f + K, [ Ag ]f . Cry ( 3 6 )
+
[Cry]t = Cry + K J A g ^ . C r y  + K2. Cr y . M 
[M+]t = M+ + K2. Cry . M++ K3 Cry M+
[Calix]t = Calix + [M+Calix+]
( 3 7 )
( 3 8 )
( 3 9 )
1 + X3.M
( 4 0 )
( 4 1 )
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Taking into account eqs. 37 in 41
[Cry], = Cry + Ky + K 2. M +.Cry ( 4 2 )
l + Ki.Cry
Then
Cry2(K2K \ .M + + K{) + Cry.(K2.M+ + A T ^ ] ,  +1 - [C ry ] ,.^ )  0( 43  )
From eqs. 38 and 40, it follows that
M f  = M + + K 2. M +. C r y + K3'M  1 Cal'X1 ( 4 4 )
1 + K3. M +
Rearrangement of eq. 44 leads to the following,
M +2.(K3 + K2K3.Cry) + M +( 1 + K2.Cry + K3Calix -  K3[ M +]t ) -  [ M +\  = 0 ( 45 ) 
Eqs 43 and 45 have two unknowns; M+ and Cry. These equations were solved using 
an iterative method.
DIM MV(50, 50), NA(50, 50), AG(50, 50), CR(50, 50)
REM ********** APT (alfredo Pacheco Tanaka) 1993 *************
REM **** SIMULATION DETKE of calixarene with M+ *******
REM **** AG + CRY = AGCRY KI **************
REM **** NA + CRY = NACRY K2 **************
REM **** NA + L = NAL K3 *************
KI = lel7 
CRO = 2.17e-4 
NA0 = 0.0002678 
AGO = 0.0000837 
LT0 = 0.003 
K2 = iel 1
K3I = 1000: REM INITIAL K3 = k3I*10
ML =4.5: REM *** ml of cx used ***************
NK = 9: REM INCREMENTS OF K (10AIN)
V0 = 36.6: r e m ******* initial volume *************
stp = 0.2
FOR I = .1 TO ML STEP stp 
FD = V0 / (V0 + ML)
CRT = CRO * FD: agt = AGO * FD: NAT = NA0 * FD: LT = LT0 * I / (V0 + 1) 
FOR Y = 1 TO NK
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K3 = K3I * 10 AY 
GOSUB 1000 
ii=10*i
MV(ii, Y) = MV: NA(I, Y) = NA: AG(I, Y) = AG: CR(I, Y) = CR 
GOSUB 4000 
NEXTY 
NEXT I
REM GOSUB 2000 
LOCATE 22, 1
INPUT "SAVE YES =1 NO=2 "; SA 
IF SA = 1 THEN GOSUB 3000
PRINT "Log Ki="; LOG(K3I * 10) / LOG(IO); " LogKf= "; LOG(K3I * 10) / LOG(IO) + 
NK - 1
print using " log KI = ####.## log K2 = MM.M  ";log(kl)/log(10);log(k2)/log(10)
END
1000 RF.M ************* CALCULES **************
REM! **************************************************************
CR = CRT
1100 A2 = K3 + IC2 * K3 * CR
B2 = 1 + IC2 * CR + K3 * LT - NAT * K3
C2 = NAT
NA = (-B2 + SQR(B2 A 2 + 4 * A2 * C2)) / (2 * A2) 
al = KI * K2 * NA + KI 
B1 = K2 * NA + KI * agt + 1 - KI * CRT 
cl = CRT
CR1 = (-B1 + SQR(B1 A 2 + 4 * al * cl)) / (2 * al)
IF ABS(CR - CR1) > IE-12 THEN CR = CR1: GOTO 1100 
AGF = agt / (1 + KI * CR1)
LF = LT / (1 + K3 * NA)
AGCR = KI * AGF * CR1
NACR = K2 * NA * CR
NAL = K3 * NA * L
MV = 123 + 59.2 / 2.314 * LOG(AGF)
REM PRINT MV, AGF 
RETURN
RF.M ***************************************************
2000 RF.M *********** GRAPH **************
SCREEN 7
VIEW (5, 5)-(300, 160),, 1 
WINDOW (0, 0)-(ML + stp, -1160)
FOR I = 1 TO ML step stp 
FOR Y = 1 TO NIC 
PSET (I, MV(I, Y)), 15-Y 
NEXTY 
NEXT I
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RETURN
3000 REM SAVE RESULT ***************
R E M  *4!»t«5fs 4s 5i i 5l eH«4 «4i !f! 4s4 s4i 4«4 s4! 4! 4s4 :4i 4s 4s ^H=454<4« 4<4t 4i * 4 s 4s 4 <4 i4t 5 it 4s 4i 4: 4<4 «4i 4«5 fi 4: 4« 4i 4t 4=5 ls
INPUT "name "; N$
0PEN"0", 1, "\QUATTRO\" + N$
PRINT #1, AGO, CRO, NAO, LTO, Kl, K2, IC3I * 10
FOR Y = 1 TO NK
FOR 1 = 1  TO ML step stp
ii=i*10
PRINT #1,1, MV(ii, Y)
NEXT I
NEXTY
RETURN
4000 REM ************ POINTS 4c4c4c4c4c4c4c4c4c4c4c4c
SCREEN 7
VIEW (5, 5)-(300, 180),, 1 
WINDOW (0, -100)-(ML + stp, -950) 
ii=i*10
PSET (I, MV(ii, Y)), 15-Y 
RETURN
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A P P E N D IX  7
The CALLH2 program for the determination of enthalpies of protonation of 
edtapa in water at 298.15 K.
The equilibria considered in this program are the cumulative protonation constants 
,Pi and p2, eqs. 46, 47; respectively), and the product of water, Kw (eq. 48)
ZT2 + H + < A > LH- fl, = 1 ( 4 6 )[zr2][/z+]
r 2 + 2H+ LH, f l,  = V H l \  , ( 4 7 )
[ r 2] [ / /+]2
Kw = [H] [ O H ]  ( 48 )
In the derivation, for simplicity all charges have been ignored. L j and HT are the total 
concentrations of ligand and acid, respectively.
Lt = [L] + [LH] + [LH2] ( 4 9 )
Ht = [H] - [OH] + [LH] + 2 [LH2] ... ( 50 ).
making use of the cumulative protonation constants ,eq. 49 can be written
Lt = [L] + p[[L][H] + P2[L][H]2 ( 5 1 )
Factorisation of eq 51 gives
Lt = [ L ] ( l  + pi[H] + P2[H]2 ) ( 5 2 )
then
[L] = ------------ L t-----------t  ( 5 3 )
1 + /?,[H] + /?2[H]2
Combination of eqs 44, 45 and 48 leads to
HT = [H] - [OH] + Pi[L] [H] + 2 p2[L] [H]2 ( 54 )
xliii
Appendix
and
H t - [Hj + [OH] 
A [H ] + 2 /?2 [H]
Eqs 56 and 57 can be now combined to give,
H t - [H] + [OH] _ Ln
P\[H] + 2/?2 [H]2 1 + /?, [H] + p 2[ H f
Ht - [H] + [OH] + P,Ht[H] - p^H ]2 + p,[H][OH] + p2HT[H]2 -p2[H]3 + 
p2[H]2[OH]
= LTp,[H] + 2p2[H]2LT ( 57 )
Combining eqs 48 and 57 and rearranging leads to:
Kw+(Lt+P,Kw)[H]+(P1Ht+P2Kw-1-LtPi)[H]2+(P2Ht-P i-2P2Lt)[H]3-P2[H]4 = 0 ( 58 
)
Since Kw and P values are known, eq. 58 can be solved for [H] using The Newton 
and Rampson’s method
The equilibrium concentration of the free ligand was calculated from eq. 53. Eqs 56, 
57 and 48 were used to calculate [LH] ,[LH2] and [OH]; respectively.
The heat produced in each step (/) was calculated from eq. 59
(2(0 = QlH(i) + QlH2(J) + Qw(i) ( 59 )
where
Q unn = A -  [ L H \M)Vv_x)] ( 60 )
Q u n n  = A iW tZ H .lp jK p j - [ L H ^ V ^ )  ( 6 1 )
Qw(i) -
In eqs 60, 61 and 62, AHlh„ AHlh2 are the change in enthalpies for the formation of 
LH, and LH2 respectively. AHW is the change in enthalpy for the reaction indicated in 
eq 48
( 5 6 )
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The program was written in Turbo-Basic language and this is listed below.
REM LPRINT" PROGRAM CALLH2 L + 2H=LH2 K(I)=H1 K(2)= H2
REM ******** l  + 2H = LH2 ******
REM ******** k(l)= AH1 k(2) = AH2 ******
REM ******** B1 AND B2 CONSTANTS 4c 4« 4:4c 4« *
REM ***************************************************
KEY OFF 
SCREEN 0, 0, 0
INPUT "name.............. "; N$
INPUT "number of points..."; MM 
on key(l) gosub rur 
key(l) on
DIM CB(50), CA(50), V0(50),lh(50),lh2(50),oh(50)
DIM WW(50), ZZ(50), YAY(50)
DIM A(20, 20), B(20, 20), U(20, 20)
DIM V(20, 20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50)
GOTO 20000: REM jump to the main program 
300 REM ***********************************************
RKTVf ********* submtine in vers **********
r e m  ********* Input matrix in a() *********
r e m  ******* inverted matrix in w() *********
FOR I = 1 TO N 
FOR J = 1 TO N 
B(I, J) = 0 
V(I, J) = 0
IF I <> J THEN GOTO 600 
B(I, J ) = l  
V(I, J) = 1 
600 NEXT J 
NEXT I
FOR Z = 1 TO N
S = 0
REM ****** search for the pivot element ***********
FOR I = Z TO N 
IF S > ABS(A(I, Z)) THEN GOTO 1300 
S = ABS(A(I, Z)): T = I 
1300 NEXT I
RFJVT *************************************************
REM ******** lines z and t will be exchanged ********
FOR I = 1 TO N
xlv
Appendix
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z)) > IE-30 THEN GOTO 2400 
PRINT " no inversion is possible END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z, T) = 1: V(T, Z) = 1
REM **************************************************
REM ****** GAUSS- JORDAN ELIMINATION **********
FOR I = 1 TO N 
FOR J = 1 TON 
IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
U(I, J) = A(I, J) - A(Z, J) * A(I, Z) / A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
U(I, J) = -A(I, J) / A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 / A(Z, Z)
GOTO 5000 
4500 U(I, Z) = A(I, Z) / A(Z, Z)
5000 NEXT J: NEXT I
REM ****** MULTIPLICATION B=V*B ********
FOR I = 1 TO N 
FOR J = 1 TO N 
W(I, J) = 0 
FOR K = 1 TO N
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
FOR I = 1 TO N: FOR J = 1 TO N 
B(I, J) = W(I, J)
NEXT J: NEXT I 
FOR I = 1 TO N 
FOR J = 1 TON 
A(I, J) = U(I, J): V(I, J) = 0 
IF I = J THEN V(I, J) = I 
NEXT J: NEXT I 
NEXT Z
REM **** THE RESULT IS OBTAINDED BY MULTIPLYING **** 
REM ***** MATRIX A WITH THE PERMUTATION ****
REM ***** MATRIX B ****
FOR I = 1 TO N 
FOR J = 1 TO N 
W(I, J) = 0 
FOR K = 1 TO N
W(I, J) = W(I, J) + A(I, K) * B(K, J)
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NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS 
12000 REM ******************************************************
REM $ ik $ $ $ SUBROUTINE : FUNCTIONS ***********
REM ***** THE FUNCTIONS, WHOSE ROOTS HAVE TO ********* 
REM ****** BE CALCULATED, ARE PROGRAMMED HERE ****** 
REM dS/dK(j) *******************
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J = 1 TO N: DJ = ABS(X(J) / 1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) / 2 / DJ 
K(J) = X(J): NEXT J 
RETURN
15000 REM **************************************************
REM ****** subroutine: partial *********
REM ****** the partial derivatives at the position x9() ********
REM ****** are calculated and stored in matrix a() *********
REM***** d(dS/dK(j))/ dk(i) **********
FOR I = 1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling 
FOR I = 1 TO N: F9(I) = F(I): NEXT I 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) -I- DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) - DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = (A(J3,13) - F(J3)) / 2 / DI 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A(I3,13) = A(I3,13) + F6: NEXT 13 
RETURN 
19000 REM
PPM svihrovitme * OUPU'l'
PRINT
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
FOR I = 1 TO N
PRINT USING "K( # )= M M M ttM  +/- ";I; X9(I);
PRINT USING " m m m . M  ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = ##.####AAAA SS 
PRINT USING "factor #.M#M "; SQR(SS / SSD);
PRINT " TO PRINT "EIT-ITT 
RETURN
REM *****************************************************
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20000 REM
REM **** lines z and t will be exchanged ***********
rEM *** ** MAIN PROGRAM ***********
REM
N = 2: REM NUMBER OF PARAMETERS
FF = 1: SM = 1E+30:ITT = 1:EIT=50
betl=6.6233e6
bet2=1.578ell
kw=le-14
hw=-55815
GOSUB 25000
PRINT " INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k("; I; ")=";
INPUT X(I): X9(I) = X(I): NEXT I 
20400 GOSUB 15000: REM PARTIAL DERIVATIVES 
GOSUB 300: REM MATRIX INVERSION 
FOR I = 1 TO N: H(I) = 0 
FOR J = 1 TO N: H(I) = H(I) + W(I, J) * F9(J)
NEXT J: NEXT I
GOSUB 19000: REM ouput
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
ITT = ITT + 1
IF ITT = EIT THEN GOSUB 55000 
GOTO 20400
1^ FJU  itiuih  pro^ runi ends here sf»5k*f*H**HH*H*5kHsH:
|7  ^  ^  if? if: if: if* if* if* »f» if: if: if: if: «f» if* if: if* if: if: if: if: *j: if* if* *|* if* H* H* H* H* H* #f* *f*
25000 REM
REM ******** subroutine: read data ********
OPEN "i", 1, N$
FOR I = 1 TO MM
INPUT #1, CB(I), CA(I), YY(I), VO(I)
NEXT I
QMIN = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP-1
YYX = YY(I) - YY(I - 1): YY(I) = YYX: WW(I) = 1
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLOSE#1
INPUT "do you like to weight the points ..yes=l no=2 "; WPO
IF WPO = 2 THEN RETURN
FOR I = 1 TO MM: WW(I) = 1: NEXT I
INPUT "how many points "; NWP
FOR BA = I TO NWP
INPUT "which point "; OP
INPUT "weight "; WEI
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NWEI=NWEI+WEI 
WW(OP) = WEI 
AWEI=NWEI:NWEI=0 
NEXT BA 
FOR I = 1 TO MM
PRINT USING " M M M AAA M M M AA M.M MM M M  ";CB(I); CA(I), YY(I), 
WW(I)
NEXT I 
RETURN 
30000 REM
REM ******** subroutine: squared sum **********
REM ******* the sum of the squared deviations **********
REM ******* Is evaluated in this section **********
REM *****************************************************
SS = 0
FOR I = 1 TO MM 
GOSUB 50000: Y(I) = Y: Y = Y - YY(I)
SS = SS + WW(I) * Y * Y: SSD = YY(I) * YY(I) * WW(I)
NEXT I 
RETURN
35000 REM *****************************************************
REM ***** Subroutine: optimum ********
REM ***** the optimization factor ff is determined here ********
RF.M ********************************************************
FF = .6: FM = 0: DF = .5 
35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(I) = X9(I) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN
50000 REM ***************************************************
REM ******** subroutine : function of regression ********** 
******************************************************
aa=-bet2
bb= ca(i)*bet2-betl-2*cb(i)*bet2 
cc=ca(i)*betl - l+bet2*kw-cb(I)*BET 1 
dd=ca(i)+betl*kw 
ee=kw
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hf=ca(i)
50010 ffx=aa*hfA4+bb*hfA3+cc*hfA2+dd*hf+ee
dfF=4’foaffifA3+3ifob*hfA2+2*cc*hf+dd
hf2=hf-ffx/dff
if abs(hf2-hf)>le-12 then hf=hf2:goto 50010 
hf=hf2
lf==cb(i)/( 1+betl *hf+bet2*hfA2)
lh=betl *lf*hf
oh=kw/hf
lh2=bet2*lf*hfA2
lh(i)=lh: Ih2(i)=lh2: oh(i)=oh
zlh=lh(i)*vo(i)-lh(i-1 )*■vo(i-1)
zlh2=lh2(i)*vo(i)-lh2(i-1 )* vo(i-1)
zoh=oh(i-l)*vo(i-l)-oh(i)*vo(i)
y=k( 1 )*zlh+k(2)*zlh2+hw*zoh
y a y ( i)= y
RETURN
55000 REM M M M M M  PRINT YCAL YOBS M M M M M M M M M #  
rem LPRINT N$
PRINT" Q cal Qobs Qcal-qobs" 
rem LPRINT " I Q  cal Qobs Qcal-qobs % error"
FORI = 1 TO MM 
ERRO = YAY(I) - YY(I)
PRINT USING " MMMM MMMM MUMMM ";YAY(I); YY(I); YAY(I) - YY(I) 
rem LPRINT USING " M  M#MMM MttMMM MMMM# MMM  #.## M  
" ;I; Y AY (I); YY (I);ERRO; ABS( 100 * ERRO / YAY(I));WW(I)
NEXT I
FORI = 1 TO N 
rem LPRINT USING " K( # ) MMMMtiM# ";I; X9(I); 
rem lprint"+ /
rem LPRINT USING " MMMttMft SQR(ABS(W(I, I) * SS / (NP - N)))
NEXT I
rem LPRINT USING " SUM OF SQUARED ERRORS = M#MMMAAA SS 
HFR=SQR(SS/SSD) 
rem LPRINT USING " factor #MMM ";hfr;
rem LPRINT " ( "; N ; ", ";  MM - N ; " )"
RETURN
RETURN
60000 REM graph
SCREEN 1 
CLS
VIEW (10, 10)-(300, 140),, 1
WINDOW (0, QMIN * 1.08)-(MM, QMA * 1.08)
FOR I = 1 TO MM 
PSET (I, YY(I)), 3 
PSET (I, Y(I)), 1 
NEXT I
1
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RETURN
air:
rem screen 1,0,0 
for i=l to mm 
erro= yay(i)-yy(i) 
perr= 100 *abs(erro/yay(i))
print using " ### #####.#### #####.#### #####.## ";i,yay(i),yy(i),perr
next i
end
li
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APPENDIX 8
Program CALLH2 for the determination of enthalpies of protonation of 
edtamba in water at 298.15 K.
In the CALLH.BAS program, the interaction of edtamba with only one proton was 
considered in the calculations, the ionic product of water eq. 48 was considered.
r 2 + H + < -£->  LH"  K = ^L, H  1 ( 6 3 )
[L~2][H+]
In the derivation, all charges have been ignored . L r and Hr are the total 
concentrations o f ligand and acid; respectively.
Lt = [L] + [LH] ( 64 )
Ht = [H] - [OH] + [LH] ( 65 ).
eq 65 can be written as
Lt = [L] + K [L][H] ( 66 )
LT = [ L ] ( l  + K[ H] )  ( 6 7 )
then:
[L] =  L l   ( 6 8 )
1 + K[ t f ]
Combination of eqs 63 64 and 68 can be combined to give:
Substitution of eq. 48 in eq. 69 leads to
K ^ K L t M  
T [H] 1 + K [H]
Rearrangement of eq 70 gives
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Kw + ( Ht + K. Kw) [H] + ( K HT - 1 - K LT) [H]2 - IC [H]3 ( 71 )
eq. 71 was solved for [H] by using the Newton and Rampson’s method
Using eq. 68 the concentration of the free ligand (L) was calculated.. Eqs 63 and 48 
were used to calculate [LH] and [OH] respectively.
The heat produced in each step (Q(p) was calculated by eq. 74
In eq 73 and 74 Qlho) and Qwp) are the heat of complexation and formation of water 
respectively.
In eq. 71 AHLh denotes the enthalpy change for the formation of LH, and AHw is 
the enthalpy change associated to the process described in eq..48.
rem LPRINT " PROGRAM CALLH.BAS (APT 1995) L + H = LH K(I)=K K(2) =
INPUT "number of points..."; MM 
on key(l) gosub rur 
key(l) on
DIM CB(50), CA(50), V0(50),lh(50),lh2(50),oh(50) 
DIM WW(50), ZZ(50), YAY(50)
DIM A(20, 20), B(20, 20), U(20, 20)
DIM V(20, 20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50)
GOTO 20000: REM jump to the main program
Q(i) ~ Q l h ( i )  + Qw(i) ( 7 2 )
where
GW> = nhlh([lh\0vV)- [ lh y^ v^ )
QWV) = A H iv ([0 //] (f_ 0 F(,_,, -  V{j))
( 7 3 )
(74)
rem lprint
H
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300 REM ***********************************
REM ***** subrutine, invers ***********
REM ****** input matrix in a() ***********
RJEIS4 ******* inverted matrix in w() ********
REM! *************************************
FOR I = i TO N 
FOR J = 1 TON 
Bfl, J) = 0 
V(I, J) = 0
IF I <> J THEN GOTO 600 
Bfl, J) = 1 
V(I, J) = 1 
600 NEXT J 
NEXT I
FOR Z = 1 TON
S = 0
REM ***** search for the pivot element *****
RF.M * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
FOR I = Z TO N 
IF S > ABS(A(I, Z)) THEN GOTO 1300 
S = ABS(A(I, Z)): T = I 
1300 NEXT I
REM **** lines z and t will be exchanged ******
FOR I = 1 TO N
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z)) > IE-30 THEN GOTO 2400 
PRINT " no inversion is possible END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z,T)= 1: V(T,Z)= 1
REM **** GAUSS- JORDAN ELIMINATION **********
FORI = 1 TO N 
FOR J = 1 TON 
IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
Ufl, J) = Afl, J) - A(Z, J) * Afl, Z) / A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
Ufl, J) = -Afl, J) / A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 / A(Z, Z)
GOTO 5000 
4500 Ufl, Z) = Afl, Z) / A(Z, Z)
5000 NEXT J: NEXT I
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REM ****** MULTIPLICATIION B= V*B ******** 
r e m **** ********** ************************ ******
FOR 1=1 TO N 
FOR J = 1 TO N 
W(I, J) = 0 
FOR K = 1 TO N
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
FOR I = 1 TO N: FOR J = 1 TO N 
B(I, J) = W(I, J)
NEXT J: NEXT I 
FOR I = 1 TO N 
FOR J = 1 TO N 
A(I, J) = U(I, J): V(I, J) = 0 
IF I = J THEN V(I, J) = 1 
NEXT J: NEXT I 
NEXT Z
REM *** THE RESULT IS OBTAINDED BY MULTIPLYING **** 
REM *** MATRIX A WITH THE PERMUTATION MATRIX B *****
FOR I = 1 TO N 
FOR J = 1 TO N 
W(I, J) = 0 
FOR K = 1 TON
W(I, J) = W(I, J) + A(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS 
12000 REM *** ********* ****** * Hi*** ******* ***********'-Is**** Id: Hi***
REM ***** SUBROUTINE : FUNCTIONS ***********
REM ***** THE FUNCTIONS, WHOSE ROOTS HAVE TO ***
REM ****** BECALCULATED, ARE PROGRAMMED HERE **
REM ****** dS/dK(j) **************
R E M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J = 1 TO N: DJ = ABS(X(J) / 1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) / 2 / DJ 
K(J) = X(J): NEXT J 
RETURN
15000 REM *********************************************
REM **** subroutine: partial the partial derivatives ******
REM***** at the position x9() are calculated and *****
REM ***** stored in matrix a() *****
REM***** d(dS/dK(j))/ dk(i) *********
R E M  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
FOR I = 1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling
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FOR I = 1 TO N: F9(I) = F(I): NEXT I 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) + DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) - DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = (A(J3,13) - F(J3)) / 2 / DI 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A(I3,13) = A(I3,13) + F6: NEXT 13 
RETURN
19000 REM **********************************************
REM ***** subroutine: OUPUT ***********
PRINT
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
FOR I = 1 TO N
PRINT USING "K( # )== MUMM.M +/- ";I; X9(I);
PRINT USING" M M m . M  ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = ##.####AAAA "; SS 
PRINT USING "factor #M #M  "; SQR(SS / SSD);
PRINT " TO PRINT "EIT-ITT 
RETURN
20000 REM ***********************************************
RJE1V1 **** lines z and t will be exchanged **********
REM *** MAIN PROGRAM **********
N = 2: REM NUMBER OF PARAMETERS
FF = 1: SM = 1E+30:ITT=1 :EIT=50
rem bet=6.6233e6
kw=le-14
hw=-55815
GOSUB 25000
PRINT " INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k("; I; ")=";
INPUT X(I): X9(I) = X(I): NEXT I 
20400 GOSUB 15000: REM PARTIAL DERIVATIVES 
GOSUB 300: REM MATRIX INVERSION 
FOR I = 1 TO N: H(I) = 0 
FOR J = 1 TO N: H(I) = H(I) + W(I, J) * F9(J)
NEXT J: NEXT I
GOSUB 19000: REM ouput
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
ITT = ITT + 1
IF ITT = EIT THEN GOSUB 55000
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GOTO 20400
REM **************************************************
REM ****** main program ends here **********
REM **************************************************
25000 RF.M ************************************************
REM ******** subroutine: read data ***********
REM **************************************************
OPEN "i", 1, N$
FOR I = 1 TO MM
INPUT #1, CB(I), CA(I), YY(I), VO(I)
NEXT I
QMIN = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP -1
YYX = YY(I) - YY(I - 1): YY(I) = YYX: WW(I) = 1
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLOSE #1
INPUT "do you like to weight the points ..yes=l 110=2 WPO
IF WPO = 2 THEN RETURN
FOR I = 1 TO MM: WW(I) = 1: NEXT I
INPUT "how many points NWP
FOR BA = 1 TO NWP
INPUT "which point OP
INPUT "weight WEI
NWEI=NWEI+WEI 
WW(OP) = WEI 
AWEI=NWEI :NWEI=0 
NEXT BA 
FOR I = 1 TO MM
PRINT USING " M M M AAA M M # AAA M M M M  M.M  ";CB(I); CA(I), YY(I), 
WW(I)
NEXT I 
RETURN
30000 RF.M **********************************************
REM ******** subroutine: squared sum **********
REM ******** the sum of the squared deviations ********** 
rEM ********* is evaluated in this section **********
RPM ****** *****************************************
SS = 0
FOR I = 1 TO MM 
GOSUB 50000: Y(I) = Y: Y = Y - YY(I)
SS = SS + WW(I) * Y * Y: SSD = YY(I) * YY(I) * WW(I)
NEXT I 
RETURN 
35000 REM
REM ***** Subroutine: optimum ********
REM *** the optimization factor ff is determined here ********
RF.M **************************************************
FF = .6: FM = 0: DF = .5
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35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(I) = X9(I) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN
50000 REM ***** *********************************************
REM ******** subroutine : function of regression ********
REM *****************************************************
bet=k(l)
aa=-bet
bb=ca(i)*bet-1 -cb(I)*BET
cc=ca(i)+bet*kw
dd=kw
hf=ca(i)
50010 ffx=aa*ltfA3+bb*hfA2+cc*hf+dd 
dff=3 *aa*hfA2+2*bb*hf+cc 
hf2=hf-ffx/dff
if abs(h£2-hf)>le-12 then hf=hf2:goto 50010 
hf=h£2
lf=cb(i)/( 1 +bet*hf)
lh=bet*lf*hf
oh=kw/hf
lh(i)=lh:oh(i)=oh
zlh=lh(i)*vo(i)-lh(i-l)*vo(i-l)
zoh=oh(i-l)*vo(i-l)-oh(i)*vo(i)
y=k(2)*zlh+hw*zoh
yay(i)=y
RETURN
55000 REM M M M M M  PRINT YCAL YOBS 
rem LPRINT N$
PRINT" Q cal Qobs Qcal-qobs" 
rem LPRINT " I Q  cal Qobs Qcal-qobs % error"
FOR 1=1 TO MM 
ERRO = YAY(I) - YY(I)
PRINT USING" MMMM MMMM M#MMM ";YAY(I); YY(I); YAY(I) - YY(I) 
rem LPRINT USING " M MUMMM MtiMMM MMMM# MMM #M# M  
";I;YAY(I);YY(I);ERRO;ABS(100 * ERRO / YAY(I));WW(I)
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NEXT I
FOR I = 1 TO N 
rem LPRINT USING " K( # ) M M UM M M  ";I; X9(I); 
rem lprint "+ /
rem LPRINT USING " SQR(ABS(W(I, I) * SS / (NP - N)))
NEXT I
rem LPRINT USING " SUM OF SQUARED ERRORS = ###.####AAAA SS 
HFR=SQR(SS/SSD) 
rem LPRINT USING " factor #.##### hfr ; 
rem LPRINT " ( N ; " , MM - N ;" )"
RETURN
RETURN
60000 REM ************ graph *************
SCREEN 1 
CLS
VIEW (10, 10)-(300, 140),, 1
WINDOW (0, QMIN * 1.08)-(MM, QMA * 1.08)
FOR 1=1 TO MM 
PSET (I, YY(I)), 3 
PSET (I, Y(I)), 1 
NEXT I 
RETURN
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